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ABSTRACT OF THE DISSERTATION 
 
COMPREHENSIVE PROCESS MAPS FOR SYNTHESIZING HIGH DENSITY 
ALUMINUM OXIDE-CARBON NANOTUBE COATINGS BY PLASMA SPRAYING 
FOR IMPROVED MECHANICAL AND WEAR PROPERTIES 
by 
Anup Kumar Keshri 
Florida International University, 2010 
Miami, Florida 
Professor Arvind Agarwal, Major Professor 
Plasma sprayed aluminum oxide ceramic coating is widely used due to its 
outstanding wear, corrosion, and thermal shock resistance. But porosity is the integral 
feature in the plasma sprayed coating which exponentially degrades its properties. In this 
study, process maps were developed to obtain Al2O3-CNT composite coatings with the 
highest density (i.e. lowest porosity) and improved mechanical and wear properties. 
Process map is defined as a set of relationships that correlates large number of plasma 
processing parameters to the coating properties.  
Carbon nanotubes (CNTs) were added as reinforcement to Al2O3 coating to 
improve the fracture toughness and wear resistance. Two novel powder processing 
approaches viz spray drying and chemical vapor growth were adopted to disperse CNTs 
in Al2O3 powder. The degree of CNT dispersion via chemical vapor deposition (CVD) 
was superior to spray drying but CVD could not synthesize powder in large amount. 
Hence optimization of plasma processing parameters and process map development was 
limited to spray dried Al2O3 powder containing 0, 4 and 8 wt. % CNTs.  
 viii
An empirical model using Pareto diagram was developed to link plasma processing 
parameters with the porosity of coating. Splat morphology as a function of plasma 
processing parameter was also studied to understand its effect on mechanical properties.  
Addition of a mere 1.5 wt. % CNTs via CVD technique showed ~27% and ~24% 
increase in the elastic modulus and fracture toughness respectively. Improved toughness 
was attributed to combined effect of lower porosity and uniform dispersion of CNTs 
which promoted the toughening by CNT bridging, crack deflection and strong 
CNT/Al2O3 interface. Al2O3-8 wt. % CNT coating synthesized using spray dried powder 
showed 73% improvement in the fracture toughness when porosity reduced from 4.7% to 
3.0%. Wear resistance of all coatings at room and elevated temperatures (573 K, 873 K) 
showed improvement with CNT addition and decreased porosity. Such behavior was due 
to improved mechanical properties, protective film formation due to tribochemical 
reaction, and CNT bridging between the splats.  Finally, process maps correlating 
porosity content, CNT content, mechanical properties, and wear properties were 
developed.  
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Figure 7.4: Fracture toughness of HD and LD coatings calculated using 
indentation cracking technique  
 
Figure 7.5: High magnification SEM image within the crack for (a) HD-
A4C-SD coating (b) HD-A8C-SD coating (c) LD-A4C-SD coating (d) 
LD-A8C-SD coating showing CNT bridging inside the crack  
 
Figure 7.6: Crack deflections at Al2O3-CNT interface for (a) HD-A8C-SD 
coating (b) LD-A8C-SD coating 
 
Figure 7.7: Effect of porosity and CNT reinforcement on fracture 
toughness of HD and LD coating. Percentage value shown inside the 
pyramid represents the porosity in the coating  
 
Figure 7.8: (a) SEM image of Vickers indent on ICP-1 coating at 4 kg load 
showing radial cracks (b) SEM image shows CNT bridging inside the 
crack  
 
Figure 7.9: Crack deflection at the CNT bridge 
Figure 7.10: (a) TEM images of plasma sprayed ICP-1 coating shows the 
Al2O3-CNT interface. Inset image shows the SAED pattern indicating 
alpha alumina phase. (b) High magnification HRTEM image of Al2O3-
CNT interface showing strong interaction between CNT and Al2O3. Inset 
image is the FFT image of the lattice structure showing overlap between 
CNT and Al2O3 
 
Figure 8.1: Cumulative wear weight loss of HD and LD coatings as 
function of sliding distance at normal load of 30N  
 
Figure 8.2: Cumulative wear weight loss of HD and LD coating as 
function of CNT content after the linear sliding distance of ~565 meters 
and at normal load of 30 N  
 
Figure 8.3: Wear surface topography after the linear sliding distance of 
~565 meters and at normal load of 30 N for (a) HD-A-SD coating (b) HD- 
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A4C-SD coating (c) HD-A8C-SD coating (d) LD-A-SD coating (e) LD-
A4C-SD coating (f) LD-A8C-SD coating 
 
Figure 8.4: X-ray maps of wear track of (a) HD-A-SD coating (b) HD-
A4C-SD coating (c) HD-A8C-SD coating. a1, b1, c1 are the back scattered 
image of wear track of HD-A-SD, HD-A4C-SD and HD-A8C-SD coatings 
respectively. a2-a5 shows the distribution of silicon, aluminum, oxygen 
and nitrogen respectively while b2-b6 and c2-c6 shows the distribution of 
silicon, aluminum, oxygen, nitrogen and carbon respectively 
 
Figure 8.5: XPS spectra collected from (a) wear track of HD-A-SD coating 
(b) wear track of HD-A-8CSD coating. Both spectra show the major peak 
of Si 2p near ~103.5 ev confirming the presence of SiO2 layer on the 
surface of wear track 
 
Figure: 8.6: (a) unworn surface (US) and (b) worn surface (WS) of Si3N4 
ball after the room temperature wear test (c) EDS spectra collected on the 
worn surface of ball showing high intensity peak for silicon 
 
Figure 8.7: X-ray map of worn surface of Si3N4 ball after the room 
temperature (298 K) wear test showing (a) back scattered image of worn 
surface (b) distribution of aluminum(c) distribution of silicon (d) 
distribution of carbon (e) distribution of nitrogen (f) distribution of oxygen 
 
Figure 8.8: High magnification image of wear surface (a) HD-A4C-SD 
coating (b) HD-A8C-SD coating (c) LD-A4C-SD coating (d) LD-A8C-SD 
coating, showing the CNT bridging between the splats  
 
Figure 8.9: Coefficient of friction (COF) with sliding distance at normal 
load of 30 N for wear track of (a) HD coating (b) LD coating 
 
Figure 8.10: Raman spectra of unworn surface (US) and worn surface 
(WS) of HD-A4C-SD and HD-A8C-SD coating  
 
Figure 8.11: Effect of porosity on cumulative wear weight loss of HD and 
LD coating. Percentage value shown inside the pyramid represents the 
porosity in the coating  
 
Figure 8.12: Cumulative wear weight loss of Al2O3 coating and ICP-1 
coating at different loads 
 
Figure 8.13: Wear surface topography after the linear sliding distance of 
~565 meters (a) Al2O3 coating at 30 N load (b) ICP-1 coating at 30 N load 
(c) Al2O3 coating at 50 N load (d) ICP-1 coating at 50 N load.  Each inset 
image shows the 3 mm wide wear track caused by tungsten carbide ball 
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Figure 8.14: High magnification image of wear surface of ICP-1 coating at 
(a) 30 N load and (b) 50 N load, showing the CNT bridging between the 
splats  
 
Figure 8.15: Average coefficient of friction (COF) with sliding distance at 
different loads for wear track of Al2O3 coating and ICP-1 coating 
 
Figure 8.16: Raman spectrum of ICP-1 coating, wear track (WT) of ICP-1 
coating at 30N, and 50N load.  Raman peak of ICP-1 coating, and wear 
track of ICP-1 coating at both loads suggests enhanced graphitization of 
CNTs 
 
Figure 9.1: Cumulative wear weight loss of HD and LD coatings as 
function of different temperature at normal load of 30N and after a linear 
sliding distance of ~565 meters  
 
Figure 9.2: Cumulative wear weight loss (after linear sliding distance of 
~565 meters) as function of temperature for (a) HD-A-SD and LD-A-SD 
coating (b) HD-A4C-SD and LD-A4C-SD coating (b) HD-A8C-SD and 
LD-A8C-SD coating 
 
Figure 9.3: Wear surface topography at ~873 K and after the linear sliding 
distance of ~565 meters and at normal load of 30 N for (a) HD-A-SD 
coating (b) HD-A4C-SD coating (c) HD-A8C-SD coating (d) LD-A-SD 
coating (e) LD-A4C-SD coating (f) LD-A8C-SDcoating 
 
Figure 9.4: X-ray map of wear track of (a) HD-A-SD coating at 873 K (b) 
HD-A4C-SD coating at 873 K (c) HD-A8C-SD coating at 873 K. a1, b1, 
c1 are the back scattered image of wear track of HD-A-SD, HD-A4C-SD 
and HD-A8C-SD coatings respectively. a2-a5 shows the distribution of 
silicon, aluminum, oxygen and nitrogen respectively while b2-b6 and c2-
c6 shows the distribution of silicon, aluminum, oxygen, nitrogen and 
carbon respectively 
 
Figure 9.5: XPS spectra collected from (a) wear track of HD-A-SD coating 
(b) wear track of HD-A-8CSD coating. Both the spectra show the major 
peak of Si 2p near ~103.5 ev confirming the presence of SiO2 layer on the 
surface of wear track 
 
Figure: 9.6: (a) unworn surface (US) of Si3N4 ball (b) worn surface (WS) 
of Si3N4 ball after the wear test at ~873 K (c) EDS spectra collected from 
the worn surface of ball  
 
Figure 9.7: X-ray map of worn surface of Si3N4 ball after the wear test at 
873 K showing (a) back scattered image of worn surface (b) distribution of 
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aluminum(c) distribution of silicon (d) distribution of carbon (e) 
distribution of nitrogen (f) distribution of oxygen 
 
Figure 9.8: Raman spectrum of unworn surface (US) and worn surface 
(WS) of HD-A4C-SD and HD-A8C-SD coating at 873 K  
 
Figure 9.9: Cumulative wear weight loss (after linear sliding distance of 
~565 meters) as function of CNT content for (a) HD-A-SD and LD-A-SD 
coating at 303 K (b) HD-A4C-SD and LD-A4C-SD coating at 573 K (b) 
HD-A8C-SD and LD-A8C-SD coating at 873 K 
. 
Figure 9.10: High magnification image of wear surface (a) HD-A4C-SD 
coating at 873 K (b) HD-A8C-SD coating at 873 K (c) LD-A4C-SD 
coating at 873 K (d) LD-A8C-SD coating at 873 K, showing the CNT 
bridging between the splats 
 
Figure 9.11: Coefficient of friction (COF) with sliding distance at normal 
load of 30 N for wear track of (a) HD coating at 298 K (b) HD coating at 
573 K (c) HD coating at 873 K (d) LD coating at 298 K (e) LD coating at 
573 K (d) LD coating at 873 K 
 
Figure 9.12: Effect of porosity on high temperature (573 K) wear weight 
loss of HD and LD coating. Percentage value shown inside the pyramid 
represents the porosity in the coating  
 
Figure 9.13: Effect of porosity on high temperature (~873 K) wear weight 
loss of HD and LD coating. Percentage value shown inside the pyramid 
represents the porosity in the coating  
 
Figure 9.14: Wear weight loss of Al2O3 coating and ICP-1 coating at 298 
K, 573 K and at 873 K. At 298 K, relative improvement in wear resistance 
of ICP-1 coating was 12% while at 573 K and at 873 K, relative increase 
in the wear resistance of ICP-1 coating was 56% and 82% respectively 
 
Figure 9.15: Wear surface topography after the linear sliding distance of 
~565 meters (a) Al2O3 coating at 298 K showing smooth wear surface and 
occasional pull out (b) Al2O3 coating at 573 K showing rough surface and 
covered with smooth thin film (c) Al2O3 coating at 873 K showing rough 
surface and covered with smooth thin film (d) ICP-1 coating at 298 K 
showing smooth wear surface and occasional pull out (e) ICP-1 coating at 
573 K showing rough surface and covered with smooth thin film (f) ICP-1 
coating at 873 K showing rough surface and covered with smooth thin film 
 
Figure 9.16: SEM micrograph of unworn WC ball (b) worn WC ball after 
wear at 873 K 
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Figure 9.17: X-ray map of wear track of Al2O3 coating at 873 K showing 
(a) back scattered image of wear track (b) distribution of tungsten (c) 
distribution of cobalt (d) distribution of aluminum (e) distribution of 
oxygen (f) distribution of carbon 
 
Figure 9.18: X-ray map of wear track of ICP-1 coating at 873 K showing 
(a) back scattered image of wear track (b) distribution of tungsten (c) 
distribution of cobalt (d) distribution of aluminum (e) distribution of 
oxygen (f) distribution of carbon 
 
Figure 9.19: XPS spectra collected from (a) wear track of Al2O3 coating at 
873 K (b) wear track of ICP-1 coating at 873 K. Both the spectra shows 
the major peak of W6+ (4f7/2) confirming the formation of thin WO3 layer 
on the surface of wear track 
 
Figure 9.20: High magnification SEM image of wear track (WT) of (a) 
ICP-1 coating at 573 K and (b) ICP-1 coating at 873 K showing the CNT 
bridging between the splats  
 
Figure 9.21: Raman spectrum of unworn surface (US) and worn surface 
(WS) of ICP-1 coating at 873 K  
 
Figure 9.22: Coefficient of friction (COF) of wear track of Al2O3 and ICP-
1 coating at (a) room temperature (RT) (b) elevated temperature (873 K) 
 
Figure 10.1: Plasma sprayed single splat of HD-A-SD on (a) grit blasted 
(GB) substrate (b) polished substrate, at initial substrate temperature of 
453 K  
 
Figure 10.2: Low magnification image of plasma sprayed single splat on 
polished steel substrate for (a) HD-A-SD  (b) HD-A4C-SD (c) HD-A8C-
SD, at initial substrate temperature of 453 K (d) HD-A-SD (e) HD-A4C-
SD (f) HD-A8C-SD, at initial substrate temperature of 553 K (g) LD-A-
SD (h) LD-A4C-SD (I) LD-A8C-SD, at initial substrate temperature of 
453 K (j) LD-A-SD (k) LD-A4C-SD (l) LD-A8C-SD at initial substrate 
temperature of 553 K 
 
Figure 10.3: High magnification SEM image of plasma sprayed single 
splat on polished steel substrate for (a) HD-A-SD  (b) HD-A4C-SD (c) 
HD-A8C-SD, at initial substrate temperature of 453 K (d) HD-A-SD (e) 
HD-A4C-SD (f) HD-A8C-SD, at initial substrate temperature of 553 K (g) 
LD-A-SD (h) LD-A4C-SD (I) LD-A8C-SD, at initial substrate 
temperature of 453 K (j) LD-A-SD (k) LD-A4C-SD (l) LD-A8C-SD at 
initial substrate temperature of 553 K 
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Figure 10.4 Variation in average splat diameter with function of substrate 
preheat temperature for (a) HD splats (b) LD splats 
 
Figure 10.5 Variation in finger length with function of substrate preheat 
temperature for (a) HD splats (b) LD splats 
 
Figure 10.6 : Schematic showing different morphology of splats 
Figure 10.7: Population density of different type of splats as function of 
CNT content for (a) HD splats at 453 K (b) HD splats at 553 K (c) LD 
splats at 453 K (d) LD splats at 553 K 
 
Figure 10.8: SEM image showing single splat of (a) HD-A4C-SD (b) HD-
A8C-SD (c) LD-A4C-SD (d) LD-A8C-SD, at substrate temp of 453 K 
 
Figure 10.9: High magnification SEM image showing single splat of (a) 
HD-A4C-SD (b) HD-A8C-SD (c) LD-A4C-SD (d) LD-A8C-SD, at 
substrate temperature of 453 K  
 
Figure 10.10: (a) Simulated top view of HD-A-SD splat (b) SEM image of 
experimentally obtained HD-A-SD splat (c) Simulated top view of HD-
A4C-SD splat (d) SEM image of experimentally obtained HD-A4C-SD 
splat (e) Simulated top view of HD-A8C-SD splat (f) SEM image of 
experimentally obtained HD-A8C-SD splat 
 
Figure 10.11: (a) Simulated top view of LD-A-SD splat (b) SEM image of 
experimentally obtained LD-A-SD splat (c) Simulated top view of LD-
A4C-SD splat (d) SEM image of experimentally obtained LD-A4C-SD 
splat (e) Simulated top view of LD-A8C-SD splat (f) SEM image of 
experimentally obtained LD-A8C-SD splat 
 
Figure 10.12: Spreading ratio as a function of CNT content for 
experimentally and simulated HD and LD splats 
 
Figure 10.13: Simulated view at different interval of time for (a) HD-A-
SD splat (b) HD-A4C-SD splat (c) HD-A8C-SD splat 
 
Figure 10.14:  Volume percentage of solid as function of time for HD-A-
SD, HD-A4C-SD and HD-A8C-SD splat 
 
Figure 10.15: Substrate temperature as a function of time for HD-A-SD, 
HD-A4C-SD and HD-A8C-SD splat  
 
Figure 10.16: Schematic showing correlation between plasma parameters, 
splats morphology and mechanical properties of coating 
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LIST OF SYMBOLS 
SYMBOL : QUANTITY 
 
E  : Elastic modulus 
E’             : Storage modulus 
E’’              : Loss modulus 
m  : Mass of Sensor 
t  : Time 
x  : Displacement 
x  : Rate of Change of Displacement 
x   : Acceleration 
A  : Area 
Ac  : Contact Area of Nanoindenter Tip 
C  : Damping of System  
C2  : constant (1.4388 cm.K) 
D   : Distance 
              : Phase Shift 
ω : Frequency 
H                     : Hardness 
P  : Applied Load 
c                      : Radial crack length  
χ           : Empirical constant 
Kc  : Fracture toughness 
V  : Wear volume 
S                      : Sliding distance 
Ff  : Frictional force 
  : Coefficient of friction 
ζmax                  : Maximum spread 
Ts  : Surface Tension 
V  : Volume 
ρ  : Density 
 xxvii
T                     : Temperature of particle in plasma spraying 
V   : Velocity of particle in plasma spraying 
µ  : Viscosity of molten liquid 
γ                      :  Liquid-gas surface tension 
θa  : Liquid-solid contact angle 
D0                   : Initial droplet diameter 
α  : Thermal diffusivity 
Pe  : Prandtl number 
C  : Specific heat 
  : Wavelength   
                   : Spectral emissivity 
T  : Surface Temperature of Radiating Body 
k             : Stiffness 
F0             : Sinusoidal force 
  : Standard deviation 
N  : Number of Walls in CNT 
G  : Free energy change  
c  : Fracture strength of composite 
νfm  : Volume fraction of matrix 
νfr  : Volume fraction of reinforcement  
wm  : Weight fraction of matrix 
wr                              :  Weight fraction of reinforcement 
Ra                              : Average surface roughness 
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1. INTRODUCTION 
 
The objective of the present research work is to develop process maps for 
achieving “high density” carbon nanotube (CNT) reinforced aluminum oxide (Al2O3) 
coatings with improved fracture and wear properties. Figure 1.1 shows the overall 
research work that has been carried out to meet this objective.  
 
Plasma sprayed Al2O3 coating are effective for wear resistance, corrosion 
resistance, heat and thermal shock resistance and have been widely used in US navy 
systems and by other industries [4, 13-17]. However, plasma sprayed coatings often 
suffer from the presence of porosity which subsequently leads to degradation of 
mechanical properties [4, 18]. Also, “reproducibility” of the coating’s micostructure is 
another major concern due to large number of variable and complexities involved with 
plasma spraying technique [4, 19-21]. Porosity in the coating can be by tailored by 
controlling the powder feedstock and plasma processing variables.  In spite of decades of 
research on this topic, there is still a lack of understanding between process-structure-
property relationships for synthesizing dense coatings by plasma spray technique.  
 
Inherent brittleness of Al2O3 ceramic is another major factor that limits its 
performance in practical applications [22-25]. Hence, there is a need to toughen Al2O3 
coatings for their use in structural applications. Due to their excellent mechanical and 
thermal properties, carbon nanotubes (CNT) has attracted much attention as an ideal 
reinforcement to toughen the ceramics, including Al2O3 [2, 4, 5, 7, 9, 18, 22, 24-39]. 
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Figure 1.1: Flow diagram showing summary of research work 
  Objective 
To synthesize “high density” Al2O3 coating reinforced with carbon nanotube with improved fracture and 
wear resistance
Optimization of plasma 
processing parameters
Simulation of 
single splat 
 Splat Morphology 
 Solidification curve 
 Vol. fraction of liquid  
and solid 
Process Maps for achieving “high density” Al2O3 – CNT coating with improved fracture and wear resistance 
Novel Powder 
CNT growth on 
Al2O3 powder 
by CVD 
Spray drying 
of Al2O3-CNT 
powder 
Coating Synthesis at 
optimized parameters
Characterization 
  Microstructural 
  Hardness 
  Fracture toughness 
 Wear behavior (RT & at HT) 
   Material thermo-   
      Physical property 
 Substrate property 
Experimental
Plasma parameters
Temperature (T) 
and velocity (V) of 
in- flight particle
Optimized plasma 
parameters (based on 
highest density)
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Novel powder processing approaches viz in situ growth of CNTs via chemical 
vapor deposition (CVD) technique and spray drying of Al2O3-CNT powder have been 
adopted in this study to reinforce and uniformly disperse CNT in the Al2O3 matrix. In 
order to achieve reproducible dense coatings, optimization of plasma processing 
parameters has been carried out and process map relating plasma parameters to coating’s 
properties have been developed. Role of splat morphology in porosity and effect on 
coating properties has been addressed. The challenges associated with this research are 
summarized in the next section. 
 
1.1 Challenges in Fabrication of Al2O3-CNT Coatings 
1.1.1. Dispersion of CNTs in Al2O3 Matrix via. CVD Technique 
Dispersion of CNTs in ceramic matrix including Al2O3 has challenged several 
researchers in the fabrication of CNT composites [2, 40, 41]. Due to larger surface area of 
CNTs, they tends to agglomerate and form clusters as a result of strong Van der Wall 
force [5, 42]. In situ growth of CNTs on each powder particle via CVD technique has 
been adopted in this study for improved CNT dispersion. Dense Al2O3 powder served as 
a substrate during CVD growth of CNTs. However controlling the CNT length during 
CVD process is a major challenge which has been addressed by optimizing the CNT 
growth time.  
 
1.1.2. Process Maps for Achieving Dense Reproducible Coating 
Plasma spraying involves more than hundreds of variables in terms of process, 
equipment and starting powder feedstock which affect the coating’s density and 
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ultimately the mechanical properties [4, 19-21]. Also, reproducibility of the dense coating 
is major concern. To deal with this problem, optimization of plasma process parameters 
has been carried out. Process maps haver been developed in order to understand the 
influence of “key processing parameters” on the thermal and kinetic energy of the 
particle that affect “porosity” and, hence “mechanical properties” of the coating.   
 
1.1.3. Role of Splat Morphology in Coating’s Porosity 
 Porosity is the inherent feature in plasma sprayed coatings which mainly depends 
on the splats morphology and their stacking. The porosity can be controlled by tailoring 
the splat morphology and size. The splat morphology mainly depends on the powder 
material properties, in-flight particle’s thermal and kinetic state and the substrate 
conditions. Detailed study has been carried out in order to understand the splat 
morphology and its effect on porosity. 
 
1.2 Past Work and Limitations on Al2O3-CNT Nanocomposites    
 
Our research group at Plasma Forming Laboratory at Florida International 
University has pioneered the synthesis of CNT reinforced Al2O3 nanocomposite coatings 
by plasma spray techniques [4, 5, 9, 18, 28, 43]. Balani et al. from our group did the 
composite spray drying of nano Al2O3 powder with 4 wt. % and 8 wt. % CNT and 
successfully synthesized plasma sprayed Al2O3-4 wt. % CNT and Al2O3-8 wt. % CNT 
composite coatings [4, 18]. Following were the outcomes of their research work.  
 Successful dispersion of CNTs in the Al2O3 matrix [4, 18]. 
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 Fracture toughness enhancement up to 57% by reinforcement of 8 wt. % of CNT 
in Al2O3 matrix [4]. 
 Modulus increase up to 200% from 210 GPa in Al2O3 coating to 425 GPa in 
Al2O3-8 wt. % CNT coating because of CNT addition and dispersion [44]. 
 Improvement in the dry sliding wear resistance up to 49 times by reinforcement of 
8 wt. % of CNT in Al2O3 matrix [9]. 
 
However, relative density of these coatings was reported 88-94% [4]. There is 
further scope of increasing the density of coatings. It is known that elastic modulus and 
porosity can be correlated by the semi empirical equation [45]. 
                                                   )](exp[ 20 cpbpEE                                              (1.1) 
 
where p is the porosity, E0 is the elastic modulus of fully dense material and E is the 
overall elastic modulus of porous material and b and c are constants. Equation 1.1 
indicates that elastic modulus of coating degrades exponentially with the porosity (and so 
does fracture toughness and wear resistance). Hence, there is a need to enhance the 
density of the plasma sprayed Al2O3-CNT coatings which will significantly affect the 
microstructures and properties.  
 
High density coating can be achieved by novel powder processing approach and 
by optimizing plasma processing parameter. In another work, Balani et al. [5] did 
preliminary study of growing CNTs on dense Al2O3 powder via CVD technique. CVD 
powder was blended with 50 vol. % Al2O3 without CNTs and mixture was plasma 
sprayed to form a coating [5]. The relative density of the Al2O3-CNT composite coating 
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was found ~90% and the relative fracture toughness of the coating enhanced by 11.6% 
[5].  However, the length of CNTs grown on Al2O3 powder  were ~4-7 µm long which 
might lead to entanglement of CNTs and can result in poor densification of coating. 
There is a further scope of achieving the critical CNT length by optimizing the CVD 
processing times. Fan et al. [46] has reported that critical CNT length of 100 nm is 
sufficient for load transfer. Apart from CNT length, it will be also of interest to use 100% 
CVD powder for synthesizing the coating instead of blended mixture of CVD powder 
and 50 vol. % of Al2O3 powder.  Balani et al. [4] also attempted to develop preliminary 
process map for plasma sprayed CNT reinforced Al2O3 coating. However, this study did 
not provide the effect of various plasma parameters on mechanical properties of coatings. 
 
1.3 Focus of the Present Research Work  
The overall aim of the current research work is to develop the process map for 
synthesizing high density Al2O3-CNT coating with improved fracture and wear 
resistance. Following are the specific aims of this work. 
 In situ growth of CNTs on dense Al2O3 powder via CVD technique. 
 Optimization of plasma processing parameters and development of process map. 
 Understanding role of porosity and CNT reinforcement in fracture toughness of 
coating under indentation loading. 
 Evaluation of wear resistance as a function of porosity, CNT content and operating 
temperature. 
 Understanding the role of single splat in coating’s microstructure via experimentation 
and simulation. 
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 Establishing the correlation between coating’s porosity, fracture toughness, wear 
resistance and CNT content. 
 
The research work carried out is systematically presented in this dissertation in 
various chapters. Chapter 2 is the literature review which describes the successive 
progression of work done by various researchers. Development of process map has been 
summarized in this chapter. Chapter 3 describes the methodology of the experiment 
carried out in this work. Chapter 4-10 is the heart of this dissertation i.e. results and 
discussion where process maps, toughening mechanism of Al2O3 by CNT, tribological 
behavior at room and elevated temperatures and single splat formation has been analyzed 
and discussed. Correlations between the process and coating’s property have also been 
presented in Chapter 10. Conclusions have been stated in the chapter 11 where key 
findings are listed. Chapter 12 lists down several recommendations for future work which 
seems to be necessary in continued improvement of this research area. Appendix includes 
technical papers related to this work which are published in peer-reviewed journal. 
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2. LITERATURE REVIEW 
 
2.1 Carbon Nanotubes as Reinforcement 
Since their discovery by Ijima in 1991, carbon nanotubes with high aspect ratio, 
larger surface area, low density as well as excellent mechanical, electrical, and thermal 
property have been identified as a potential reinforcement in ceramics matrix [2, 4, 5, 7-9, 
24-26, 30-39, 44]. According to the geometric configuration, carbon nanotube can be 
divided into two following categories: i.e. (a) single-wall CNT (SWCNT), (b) and multi-
wall CNT (MWCNT) with an interlayer spacing of 0.34-0.36 nm [47]. The SWCNT is a 
single graphite sheet which has been rolled into a hollow cylinder (as shown in Figure 
2.1a). On the other hand, the MWCNT consist of many concentric graphite layers (as 
shown in Figure 2.1b). The interaction between the layers is dominated by the Van der 
Waal forces. Unless mentioned otherwise, CNT in this dissertation refers to multi walled 
carbon nanotube.  
 
 
 
 
 
Figure 2.1: (a) Single walled carbon nanotube (b) Multi-walled carbon nanotube 
(a) 
(b) 
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The outstanding mechanical property of CNT aroused particular interest to develop 
ceramic nanocomposite with improved fracture toughness and wear resistance. 
Researchers have measured the mechanical properties of CNT by several methods [37, 
39, 48]. Yu et al. has measured the mechanical property of CNT by in situ tensile testing 
using atomic force microscope (AFM) tip inside scanning electron microscope 
(SEM)[39] . Tensile strength of CNT ranges between 11-63 GPa and Young’s modulus 
varied between 270-950 GPa [39]. Treacy et al. measured the Young’s modulus of CNT 
by measuring the amplitude of thermal vibrations at different temperature in transmission 
electron microscope (TEM) [37] . Young’s modulus was measured in range of 0.4-4.15 
TPa with an average value of 1.8 TPa [37]. These properties of CNT make it as an ideal 
reinforcement for the fabrication of nanocomposite with improved mechanical properties. 
 
Huang et al. [49] reported that, SWCNT can undergo superplastic deformation at 
high temperature and can be 280% longer and 15 times narrower before breaking. This 
superplasticity behavior of SWCNT can be attributed to nucleation and motion of kinks 
in the structure [49]. Hence, SWCNT could serve as a potential reinforcement to improve 
the ductility of the nanocomposite. However, the major challenge in reinforcement of 
CNTs in the ceramic matrix is its uniform dispersion [1, 41, 50]. Researchers have 
adopted different techniques to uniformly disperse CNTs in the ceramic matrix which is 
discussed in details in next section. 
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2.2 Dispersion of CNT in Ceramic Matrix 
Uniform dispersion of CNTs has been the major challenge in CNT reinforced 
ceramic composites. This is due to the large surface area of CNT which leads to 
formation of clusters as results of Van der Wall force [1, 5, 41, 42, 50]. CNT clusters 
degrade the mechanical properties of coatings [51, 52]. Hence, in order to achieve 
homogeneous properties, uniform dispersion of CNTs in matrix is critical. CNT 
dispersion techniques can broadly be divided into two major category viz. (a) mechanical 
methods and (b) Physical (non-covalent treatment) methods or chemical methods 
(covalent treatment) [53].  
 
Mechanical dispersion method such as ultrasonication, ball milling, stirring can 
uniformly disperse CNTs, but these processes reduce the aspect ratio of CNTs [53, 54]. 
Table 2.1 summarizes the different CNT dispersion technique in the ceramic matrix and 
the property achieved by the other researchers.  Advantages and limitations of different 
CNT dispersion techniques are also summarized in Table 2.1  
 
Chemical dispersion method involves the functionalization of CNT under which 
they are treated with acid at high temperature. Poyato and co-workers [1] have effectively 
dispersed SWCNTs (10 vol. %) on Al2O3 nanoparticles by using acid treatment in 
conjunction with aqueous colloidal processing. Figures 2.2a and b shows the fracture 
surface of blended Al2O3-10 vol. % SWCNT and colloidal Al2O3-10 vol. % SWCNT 
composite respectively showing the difference between the dispersion of SWCNT. 
Clusters of SWCNT (arrow marked in Figure 2.2a) were observed in Al2O3-10 
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Table 2.1: Overview of CNT dispersion techniques in the ceramic matrix and property achieved 
Author Matrix CNT Content 
Dispersion 
technique 
Remarks 
(%) indicates property improved compared to 
monolithic 
 
Poyoto et al.  
[1] 
Al2O3 
SWCNT-10 
vol. % 
Colloidal 
Processing 
 Density of colloidal Al2O3-10 vol. % SWCNT 
composite : 98% 
 Density of blended Al2O3-10 vol. % SWCNT : 94% 
Better dispersion in colloidal process 
 
Lei et al. [3] Al2O3 CNT-2 wt. % Hetrocoagulation
 Fracture toughness: 6.35 MPam1/2 (25%). 
 Flexural strength: 331 MPa (10%) 
 
Mo et al. [40] Al2O3 
CNT-0-3.3 
vol. % Sol-gel 
 Fracture toughness increased by 10% by 1.5 vol. % 
CNT and decreases with 3.3 vol. %. 
 
Duszova et 
al. [55] 
ZrO2 
1.07 wt. % 
CNT Ultrasonication 
 Density of ZrO2-CNT was lower than ZrO2 due to 
presence of CNT clusters 
 Hardness and fracture toughness of ZrO2-CNT 
decreased by 30% and 10%. 
 Electrical resistivity decreased by 13 times. 
 
Yamamoto et 
al. [56] 
Al2O3 
0.9 vol. % 
CNT 
Precursor 
method (CNT 
were modified 
by acid treated) 
 Bending strength and fracture toughness improved by 
27% and 25% respectively. 
Balani et al. 
[4] Al2O3 
0- 8 wt. % 
CNT Spray drying 
 Fracture toughness enhancement : 42% (4wt. % CNT), 
57% (8wt. % CNT) 
 Wear resistance improvement : 5.1 times (4wt. % 
CNT), 49 times (8wt. % CNT) 
Balani et al. 
[5] Al2O3 
0.5 wt. % 
CNT In situ CVD   Fracture toughness improvement : 11.6 % 
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vol. % SWCNT and most of the Al2O3 boundaries appeared clean. But for colloidal 
Al2O3-10 vol. % SWCNT, nanotubes were well dispersed and  present at most of the 
Al2O3 grain boundaries (Figure 2.2b). The composite synthesized by spark plasma 
sintering was ~97.6% dense but 40% weight loss of SWCNT was observed due to acid 
treatment [1]. Also, use of acid at high temperature for surface functionalization might 
introduce structural defects in CNTs [57, 58]. Elastic modulus of CNTs decreases 
gradually with increasing functionalization due to introduction of sp3 hybridized sites 
[18]. Also, it has been reported that the maximum compressive force for ethyne 
functionalized nanotubes reduced by 15% due to the repulsive force from 
functionalization [59]. 
 
 
 
 
 
Figure 2.2.: SEM micrograph of (a) conventional Al2O3-10 vol. % SWCNT composite 
(b) Colloidal Al2O3-10 vol. % SWCNT composite. The arrow marked dark regions are 
SWCNTs while the bright regions are Al2O3. Inset is the corresponding lower 
magnification SEM image. [1] 
 
Molecular level mixing (covalent treatment) has shown outstanding results to 
achieve uniform dispersion of CNTs in the Al2O3 matrix (as shown in Figure 2.3a) [2]. In 
this process, functionalized CNTs and metal ions are mixed uniformly in an aqueous 
(a) (b) 
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solution at a molecular level and hence, the major challenge of strong agglomeration of 
CNTs in ceramic matrix can be avoided. However, molecular level mixing restricted 
dispersion to low CNT content as it caused agglomeration for a composition over 1.8 vol. 
% CNTs (as shown in Figure 2.3b) [2]. 
 
Figure 2.3: SEM micrograph of fracture surface of (a) Al2O3-1vol. % CNT showing 
uniformly dispersed CNT and pull out of CNT (b) Al2O3-1.8 vol. % CNT showing 
agglomeration of CNT [2] 
 
In last few years, non covalent treatment such as hetrocoagulation technique has 
been widely used to obtain uniformly dispersed carbon nanotubes [3, 41]. In 
hetrocoagulation technique, surfactants change the surface property of CNTs from 
hydrophobicity to hydrophilicity, resulting in an improved dispersion of CNTs in aqueous 
solution. Lei et al. [3] observed effective dispersion of CNTs in  Al2O3 matrix by 
hetrocoagulation technique and found ~25% increase in the fracture toughness of Al2O3-2 
wt. % CNT composite. Improvement in the fracture toughness of Al2O3-2 wt. % CNT 
(a) (b) 
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composite was attributed to uniform dispersion of CNT, pull out of CNT at fracture 
surface and bridging by CNTs (as shown in Figures 2.4a and b). However, surfactants 
may introduce undesirable impurities which can affect composites properties [1, 2]. 
 
Figure 2.4: SEM micrograph of fracture surface of Al2O3-2wt. % CNT composite (a) 
showing CNT pull out (b) bridging by CNTs [3]. 
 
Sol-gel process is another CNT dispersion technique that has shown promising 
results to achieve homogeneous dispersion in the ceramic matrix. Mo et al. [40] dispersed 
CNTs in Al2O3 matrix using sol-gel process as shown in Figure 2.5a. Relative fracture 
toughness of Al2O3 nanocomposite was enhanced by ~10% by adding 1.5 vol. % of 
CNTs to Al2O3 [40]. However, sol-gel method also resulted in CNT agglomeration (as 
shown in Figure 2.5b) for higher concentration (> 3.3 vol. %) which reduced the fracture 
toughness. Cha et al. [2] concluded that sol-gel process leads to weak interface between 
the CNT and Al2O3. 
(a) (b) 
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Figure 2.5: SEM micrograph of fracture surface of (a) Al2O3-1.5 vol. % CNT composite 
showing uniformly dispersed CNT (b) Al2O3-3.3 vol. % CNT composite resulting 
agglomeration of CNTs [40].  
 
Balani et al. [4, 18] from our research group utilized spray drying technique to 
disperse CNTs with nano-Al2O3 powder to form a composite spherical agglomerate 
powder. Spray drying involves mixing ceramic powder and CNTs in poly-vinyl alcohol 
(PVA) binder to form aqueous slurry. The slurry was subsequently spray dried by hot gas 
atomization in a chamber to form composite spherical agglomerates. CNTs were 
uniformly distributed on the surface (as shown in Figure 2.6) and the core of the spray 
dried agglomerate. However, spray dried agglomerate contains 30-45% porosity [18]. 
Balani et al. successfully synthesized Al2O3-8 wt. % CNT composite coating by plasma 
spraying of spray dried Al2O3-8 wt. % CNT powder to obtain 57% improvement in the 
fracture toughness [4]. However, relative density of the coating was 88-94% due to 
porosity in spray dried powder that causes splashing during plasma spraying. 
 
(a) (b) 
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Figure 2.6: SEM image showing dispersion of CNT over Al2O3-8 wt. % CNT powder 
surface [4]. 
 
A dense powder would result in improving the density of the CNT reinforced 
composite.  To alleviate the problem of low density of spray dried powder, Balani et al. 
[5], conducted a preliminary study on growing CNTs on dense Al2O3 powder via 
chemical vapor deposition (CVD) technique. Though CVD technique has limitations of 
“slow kinetics” and “low yield of pure CNTs”, it has potential to uniformly disperse 
CNTs in the matrix.  In the study carried out by Balani et al., CVD powder was blended 
with 50 vol. % Al2O3 (without CNTs) and mixture was plasma sprayed to form a coating. 
The relative density of the Al2O3-CNT composite coating was found ~90% and the 
relative fracture toughness of the coating enhanced by 11.6% [5]. Improvement in the 
fracture toughness of coating was attributed to the presence of CNT tentacles (Figure 
2.7a) and the uniform occurrence of CNT bridging (shown in Figure 2.7b) between the 
splats. However, the length of CNTs grown on Al2O3 powder  were ~4-7 µm long which 
lead to entanglement of CNTs in the powder and resulted in poor flowability through 
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plasma gun and  resulting in low density.  There is a need to obtain the critical CNT 
length by optimizing the CVD processing times. Fan et al. [46] has reported that critical 
CNT length of 100 nm is sufficient for load transfer. It will be also of interest to use 
100% CVD powder for synthesizing the coating instead of blended mixture of CVD 
powder and 50 vol. % of Al2O3 powder, as used by Balani et al [5].   
Figure 2.7: Fracture surface of plasma sprayed Al2O3-0.5wt. % CNT coating showing (a) 
presence of CNT tentacles arising out of Al2O3 splats (b) CNT bridging between Al2O3 
splats [5]. 
 
The dispersion method discussed above resulted in varying degree of CNT 
dispersion in powder. But it is equally important to maintain the dispersed CNT in the 
composites after consolidation. Since plasma spraying is a layer by layer deposition 
technique, it is expected that uniformly distributed CNTs within powder/agglomerate will 
also lead to uniform dispersion of nanotubes in the composite coating. Our group has 
pioneered the synthesis of CNT reinforced metal and ceramic composite coating via 
plasma spraying which is discussed in the next section [4, 5, 9, 18, 27, 44, 60-64].  
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2.3 Plasma Spraying Technique 
A schematic of the plasma spraying technique is shown in Figure 2.8. An arc is 
stuck between tungsten cathode and copper anode to generate the plasma. The 
temperature at the core of the plasma reaches in excess of 10,000K [65, 66]. During 
plasma spraying process, powder is injected into the high temperature plasma jet, where 
powder get melted/heated and accelerated towards the substrate. Molten/semi-molten 
particles exiting from the plasma jet impacts on the substrate, flattens and rapidly 
solidifies at a cooling rate of approximately 106-108 K/s [65, 66] . Successive deposition 
of molten particles (splats) builds up the coating thickness.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Schematic of plasma spraying 
 
 
2.3.1 Complexities Involved in Plasma Spraying 
Plasma spraying is widely used technique to synthesize metallic, ceramic, 
intermetallics, and composites coating to protect the substrate against wear, corrosion, 
and high temperature environment [4, 61, 67, 68]. However, plasma spraying involves 
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hundreds of variables (as shown in Figure 2.9) such as process, equipment and powder 
parameters which have a direct effect on the coating properties [19, 20, 69-73]. Despite 
scientific and technical progress at many aspects, there is lack of understanding between 
process-structure-property relationships due to large number of variables and 
complexities involved with plasma spraying. Also, reproducibility of the dense coating is 
still a major challenge [21, 65, 74]. Hence, there is need of optimization of plasma 
processing parameters and to understand the effect of process parameters on the coating 
property.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Variables in plasma spray process which affects the coatings property 
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Figure 2.10 shows the number of research publications in the last decade on the 
optimization of plasma process parameters for ceramic coatings. This indicates that 
optimization of process parameters with respect to coatings property has not been much 
explored and is in nascent stage.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: Year wise work carried out on optimization of plasma process parameters 
for plasma sprayed ceramic based coatings 
 
The influence of plasma process parameters on the coating property has largely 
been studied by empirical approach. Empirical approach involves changing only one 
process parameter at a time to observe its effect on coating property [20]. However, this 
approach requires prohibitively large number of experimental trials to systematically 
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identify the most significant parameters affecting the coating characteristics [20]. 
Researchers [20, 75, 76] have adopted the statistically design of experiment approach to 
optimize the plasma process parameters. Table 2.2 summarizes the list of studies which 
shows that most of the optimization of plasma process parameters was carried out using 
design of experiment (DOE) approach. The detail of design of experiment approach has 
been reviewed in the following section.  
 
 
2.4 Design of Experiment Approach for Optimization of Plasma Process Parameters  
  
Design of experiment (DOE) method is widely used in thermal spraying and it 
involves the methodology for constructively changing process parameters to determine 
their effect on the coating property [20, 75, 76]. The initial step in performing the design 
of experiment is the choice of variables i.e. which plasma process parameter is significant 
from the tens of variables. . The parameters can be fixed at low (-1) and high (+1) level 
and the experimental domain lie inside these parameters. The properties of sprayed 
coating in different experiments can be represented as a form of polynomial equation 
(Equation 2.1) [76]; 
 
                            kjiijkjiijjj XXXbXXbXbbY   0                                    (2.1) 
 
 
where i, j, k vary from 1 to number of chosen plasma process variables and b0 is the 
mean of response (coating property) of all the experiments, coefficient bi represents the 
effect of variables Xi and bij, bijk are the coefficients of regression which represent the 
effect of interaction of variables XiXj, XiXjXk respectively. 
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Table 2.2: Optimization of plasma process parameters by various methods 
Year 
Materials and 
processing 
 technique 
Optimization  
Method 
Parameters chosen 
 for optimization Remarks 
2001 
Baik et al. 
[77] 
SiC fiber reinforced 
MoSi2 
(Low pressure plasma 
spray) 
Design of 
experiment 
approach 
 Gun current, 
 primary and secondary 
gas 
 Flow rate 
 Chamber pressure 
    Flow rate 
Porosity & surface roughness 
almost constant with different LPPS 
parameter Deposit thickness varied 
2001 
Mawdsley 
et al. [78] 
Al2O3 coating 
(Atmosphere plasma 
spraying) 
Design of 
experiment 
approach and  
 regression 
analysis 
 Power 
 Spray distance 
 Total plasma gas flow 
 % of H2 in plasma gas 
 Injector offset and angle 
 Carrier gas flow 
 
H(GPa) =  9.0 0.9(SD) 0.5(TGF) 
0.4(P) 0.3(A) 
%Corrosion =  54 16(SD) 8(TGF) 
11(%H) 
Thickness(mm) =  229 27(TGF) 
23(IO) 23(P) 19(%H) 12(A), 
2003 
Friss et al. 
[19] 
YSZ Thermal barrier 
coating (Atmosphere 
plasma spraying) 
Process map by 
In-flight 
diagnostic 
 Gun current 
Primary gas flow rate 
Increasing spray gun current and 
primary gas  flow rate decreases 
porosity in the coating 
2003 
Sampath et 
al. [79] 
Molybdenum  coating
(Atmosphere plasma 
spraying) 
Process map by 
In-flight 
diagnostic 
 Torch current 
 Auxiliary gas flow rate 
Carrier gas flow rate 
Plasma current has dominant 
influence on T &V, Increasing 
powder carrier gas flow decreasing 
T &V Helium gas flow has small 
effect on T &V 
2004 
Gussasma 
et al. [80] 
Al2O3-13% TiO2 
coating 
(Plasma spraying) 
Statistical 
method  
(Artifical neural 
network) 
 Spray distance, 
 Spray angle 
Arc current intensity 
ANN method was successfully 
applied to atmosphere plasma spray 
and predective results showed good 
agreement with experimental 
 23
2005  
Li et al. 
[20] 
YSZ Thermal 
barrier coating 
(Atmosphere 
plasma spraying) 
Uniform design 
of experiment 
 Current 
 Primary and secondary 
gas flow rate 
 Spray distance 
 Powder feed rate 
Argon flow rate and the hydrogen flow 
rate were most intensive two 
parameters affecting deposition 
efficiency, porosity and microhardness 
2006 
Dyshloven
ko et al. 
[81] 
Hydroxyapatite, 
(Atmosphere 
plasma spraying) 
Design of 
experiment 
approach and  
 regression 
analysis 
 Electric power 
 Plasma forming gas 
mixture 
 Carrier gas flow rate 
24 full factorial design has been used. 
Electric power used is most sensitive 
for resonse function i.e. fraction of HA 
crystal phase & two phase of its 
decomoposition 
2007 
Lin et al. 
[82] 
Partially stabilized 
zrconia, 
 (Atmosphere 
plasma spraying) 
Response surface 
methodology & 
fractional 
factorial 
experiment 
 Arc current 
 Powder feed rate 
 Primary gas flow rate 
The most significant variables affecting 
the plasma spraying processes were 
identified as arc current, powder feeder 
rate and primary gas. These three 
variables account for about 60% of the 
experimental variance. 
2008 
Vaidya et 
al. [6] 
YSZ coating 
(Atmosphere 
plasma spraying) 
Design of 
experiment 
approach and in-
flight diagnostic 
 Total mass flow rate of 
plasma gas,  
  Gun current 
 Volume ratio of H2 
w.r.t primary gas 
For given mass flow rate, increase in 
gun current and secondary flow rate 
result in increase in temperature and 
velocity. Increase of mass flow rate of 
plasma gas increases particles velocity 
while temperature decreases 
2008 
Balani et 
al. [4] 
Al2O3-CNT 
coatings 
Plasma spraying 
Process map by 
In-flight 
diagnostic 
 Plasma power 
 Feed rate 
CNT reinforced Al2O3 powder showed 
reduced thermal exposure compared to 
0 wt% of CNT in Al2O3 powder. 
2010 
Dwivedi et 
al. [83] 
YSZ Thermal 
barrier coating 
(Atmosphere 
plasma spraying) 
Process map by 
In-flight 
diagnostic 
 Arc current,  
 Argon flow rate  
 Hydrogen flow rate 
First order process map allowed 
examination of parameters specific 
variability and hence enhanced 
reliability of coating 
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Coefficients in equation 1 can be determined by different design of experiment 
approaches which are as following: 
 Hadamard or Plackett-Burman matrices [76, 84] 
 Two-level full factorial design (2k) [85-87] 
 Two level fractional factorial design (2k-m) [88] 
 Response of surface methodology  (RSM) designs [82] 
 
The Hadamard matrix is used to optimize large number of factors (i.e. plasma process 
parameters) Xi (i>4) which can affect the response function (i.e. coating property). Each 
factor can have two level (-1 or +1) (e.g. powder feed rate f1 = 3 g/min correspond to X i= 
-1 and powder feed rate f2 = 6 g/min correspond to Xi = +1). To determine whether 
factors are critical, first order polynomial equation is developed (Equation 2.2) and first 
factors are checked whether they are statistically significant.   
                                                         ii XbbY 0                                                     (2.2) 
 
The effect bi having the greatest absolute value corresponds to the most critical factor.  
Two-level full factorial design (2k) is used when interaction between Xi and Xj factors are 
suspected while two level fractional factorial design (2k-m) is used to extract the part of 
experiment from full factorial design, when number of factors (k) are high. Response of 
surface methodology (RSM) design is used when the response and factors does not have 
a linear relationship. In this case, factors at multiple levels have to be used to determine 
quadratic (biiXi2) or cubic term (biiiXi3) using RSM methodology.  
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Taguchi and orthogonal design methods are other techniques to optimize the 
plasma process parameters [89]. Both of these methodologies statistically outline the 
impact of each process variable on the measured coatings property across all 
combinations of other factors. However, the drawback of these method is that, it involves 
larger number of experimental trials [20]. Recently Fang et al.[90, 91] have developed a 
new statistical experiment method i.e. the uniform design of experiments technique to 
optimize the plasma process parameters which involves fewer experiments for large 
number of factors. Uniform design of experiment approach has been discussed in detail in 
the following section. 
 
2.4.1 Uniform Design of Experiment Approach 
Uniform design of experiment technique needs its design points to be uniformly 
scattered on the experimental domain. Wang et al. [92] proposed a method for 
constructing the uniform distribution on the experimental domain which is based on the 
stochastic representation and the inverse transformation method in Monte-Carlo method. 
There are several other methods to construct the uniform design such as good lattice 
method [91], Latin square method [90], expending orthogonal design method [93] and 
optimization searching method [94] which uses the algorithm to obtain the uniform 
design of experiments. Compared with the conventional statistical experimental methods, 
uniform design method reduces the number of experimental trials for experiments 
involving quite a number of factors [75]. 
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Li et al. [20] optimized the plasma processing parameter for YSZ coating using 
uniform design experiment method with respect to deposition efficiency, porosity and 
microhardness. Using a uniform design of experiments approach, the influence of the five 
process parameters (arc current, primary gas flow rate, secondary gas flow rate, spray 
distance and powder feed rate) on the coatings characteristics (deposition efficiency, 
porosity and microhardness) was identified and expressed in form of polynomial 
equations [20]. These polynomial equations were regressed from first to third order. 
Third-order equations were most appropriate to identify the influence of the process 
parameters on the deposition efficiency, porosity and microhardness [20]. 
 
The drawbacks of above statistical design are the low reproducibility and low 
quality standards of the synthesized coatings [19]. Also, long lead-time between synthesis 
of the coating and the destructive coating evaluation, makes these approaches very time-
consuming and expensive [19]. Hence, there is need of establishing the process-structure-
property relationship in an efficient manner in order to achieve the reliability and 
reproducibility of coating. 
 
It is well known to thermal spray community that temperature and velocity of the 
in-flight particle are two main parameters which largely affect the coatings 
microstructure. Temperature controls the degree of melting whereas velocity affects the 
degree of flattening of the splats and subsequent coating formation. The advent of in-
flight diagnostic sensors has made it possible to control the plasma spray technique in a 
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more precise manner by developing “process maps”. Following section discusses 
development of process map in detail. 
 
2.5 Development of Process Maps  
Process map can be defined as a set of relationships that correlates processing 
parameters to the coating properties. Figure 2.11a shows the concept of process map for 
plasma sprayed coatings. The entire process has been sub-divided into two regions: 
(i)first order process map and (ii) second order process map. Spray stream largely 
depends on process parameters, process hardware, and feedstock characteristics and can 
be adjusted by changing any of these parameters. The ability to characterize the spray 
stream as function of input variables refers to first order process map. However, first 
order process maps do not reflect the effect of process variable on the final microstructure 
of the coating. Linkage between spray streams and coating property is referred as second 
order process map. Hence, process-structure-property relationship can be established by 
combination of first and second order process map. Figure 2.11b shows how process map 
relates to optimization and tailoring of coating microstructure.  
. 
Researchers have developed process maps for different material-substrate systems 
in order to obtain the effective design and optimization of the coatings.  Sampath et al. 
[79] developed the process map for plasma sprayed molybdenum and investigated the 
importance of spray parameter such as gun current, primary gas flow, auxiliary gas flow, 
and powder carrier gas flow on modulus, hardness, thermal conductivity and porosity of 
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Figure 2.11: (a) Schematic of process map for plasma sprayed coatings (b) Overview of 
how process map relate to optimization and tailoring of microstructure [6] 
 
coating. Their complete methodology of developing the process map involved two major 
steps viz. development of empirical model relating in-flight particle characteristics with 
input variable (i.e. first order process map) and finally correlating in-flight particle 
characteristics with coating property (i.e. second order process map) [79]. The mean 
velocity and temperature of in-flight particle was found strongly dependent on the gun 
current. Hardness and thermal conductivity of the coating increased with the particle 
velocity while porosity of the coating decreased with increasing particle velocity. 
Significant improvement in the thermal conductivity and elastic modulus of the coating 
(a) 
(b) 
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was obtained with the increase in substrate deposition temperature [79]. Vaidya et al. [6] 
developed the process map for plasma sprayed YSZ and they linked the plasma torch 
parameters with the particle state through design of experiment approach and in-flight 
diagnostics. Process window was identified by correlating first order process map to 
coating property. Improvement in the elastic modulus was found with the increase in 
particle kinetic energy [6]. Above all listed studies on process map relates plasma input 
parameter to coating property.  However the reproducibility of coatings still remains a 
concern due to dynamic variables such as erosion/wear of plasma gun hardware and 
variation in different batches of the powder feedstock.  
 
Balani et al. [4] from our research group, attempted to develop preliminary 
processing map for plasma sprayed CNT reinforced Al2O3 coatings, where the prime 
objective was to determine the effect of type of CNT dispersion (blending vs. spray 
drying) in the powder feedstock on the microstructural evolution such as fully melted 
zone and partially melted zone. This preliminary analysis was based on a smaller number 
of processing variables and experiments and did not rank the key plasma processing 
parameters in terms of the effect on the coating density and hardness. 
 
Motivated by this scenario, the objective of this study is to develop the process 
maps to understand the influence of “key processing parameters” on the thermal and 
kinetic energy of the particle that effect “density” and “hardness” of the coating.  Effect 
of CNT content on the thermal and kinetic history of the particle in the plume is also 
investigated to obtain the coating with the highest density and hardness.  Based on the 
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literature and our past experience, the key process variables selected to develop process 
maps for Al2O3-CNT coating with the “highest density” are as following.    
 Plasma power: directly influences the particle temperature which determines the 
extent of melting of the particles in the plasma plume. 
 Primary gas: is the main source of generating thermal energy to the plasma system.  
 Stand-off distance: Distance between plasma gun and the substrate influences the 
velocity and degree of flattening of the molten/heated powder particle. 
 Powder feed rate: The amount of powder in the plasma plume impacts its thermal and 
kinetic properties. A high feed rate could lead to reduced particle temperature and 
presence of un-melted particles in the coating resulting in low density.   
 
Since the ultimate aim of developing the process map is to enhance the mechanical 
properties, it is important to review the current state of the art of mechanical properties of 
CNT-ceramic composites which is presented in the following section.  
 
 
2.6 Mechanical Properties of CNT-Ceramic Composites 
 
Though ceramics have high stiffness, outstanding thermal stability, and low 
density, it has some inherent drawback which includes relatively lower fracture toughness 
and degradation of mechanical properties at high temperature [14, 62, 64, 95, 96]. 
Reinforcement of second phase in the ceramic matrix may lead to improvement in 
fracture toughness and mechanical property of ceramics. Because of their exceptional 
resilience [49], carbon nanotube (CNT) has emerged as a potential reinforcement for 
ceramics. One other outstanding characteristic of CNTs are its very high aspect ratio 
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which can be useful for load transfer with matrix and can provide effective reinforcement 
to ceramic. Since the focus of the current work is on Al2O3-CNT nanocomposite, detailed 
review is restricted to Al2O3 matrix.  
 
2.6.1 Fracture Toughness of Al2O3-CNT Composites 
Table 2.3 summarizes fracture toughness of Al2O3–CNT composite reported in 
the literature. Siegel et al. [36] reported that addition of 10 vol. % CNT to monolithic 
Al2O3 could lead to 24% increase in fracture toughness.  Zhang et al. [25] reported 21.1% 
increase in fracture toughness by reinforcing 7.39 wt% CNT to Al2O3.  Balani et al. [4] 
reported 57% increase in fracture toughness value by reinforcing 8 wt. % CNT to Al2O3.  
Xia et al. [7] did the indentation test using nanoindenter on  CNT/alumina composites 
produced by in-situ CVD technique followed by hot-press sintering. Figure 2.12a shows 
the crack generated in the composite after the indentation. Three major toughening 
mechanisms in CNT reinforced ceramic composite are reported which are as Following: 
(i) crack deflection at CNT/matrix interface (as shown in Figure 2.12b) (ii) crack bridging 
by CNTs (as shown in Figure 2.12c)  (iii) CNT pullout on the fracture surface (as shown 
in Figure 2.12d)  [7]. Zhan et al. [8] synthesized the Al2O3/10 vol. % SWCNT composite 
using spark plasma sintering and measured the toughness using Vicker indentation 
technique. Fracture toughness of Al2O3/10 vol. % SWCNT composite was achieved 9.7 
MPam1/2 [8], which was three times to that of pure nanocrystalline alumina 
(3.3MPam1/2).
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Table 2.3: Overview of mechanical property of Al2O3 – CNT composite reported in literature 
Year Matrix material CNT content Processing route 
Investigated property 
(%) indicates property improvement  
compared to monolithic 
2002 
Sun et al. [84] Al2O3 
SWCNT 0.1 
wt. % Colloidal Processing Fracture toughness (VI): 4.9 MPa m
1/2 (31%) 
2002 
Zhan et al. [19] Al2O3 
SWCNT 10 
vol. % Powder Processing Fracture toughness (VI): 9.7 MPa m
1/2 (200%) 
2002 
Wang et al. 
[15] 
Al2O3 
SWCNT 10 
vol. % Powder Processing Fracture toughness (SENB): 3.33 MPa m
1/2 (3%) 
2003 
An et al. [85] Al2O3 
MWCNT 4 
vol. % Powder Processing 
Friction coefficient: 0.45 (-10%),  
Wear loss: 2 MPa m1/2 (-45%) 
2005 
Mo et al.[33] Al2O3 
MWCNT 1.5-
3.3 vol. % Sol Gel 
Fracture toughness (VI): 1.1 MPa m1/2  
(10%) with 1.5 wt. % 
2005 
Sun et al.[83] Al2O3 
MWCNT 1 
wt. % Colloidal Processing Bending strength: (10%) 
2006 
Fan et al. [86] Al2O3 
MWCNT 12 
vol. % Colloidal Processing 
Fracture toughness (SENB):  
5.55 MPa m1/2 (80%) 
2007 
Zhu et al. [87] Al2O3 
MWCNT 2 
wt. % Colloidal Processing 
Fracture toughness (SENB): = dir. 4.66 MPa m1/2 
(23.2%), \ dir. 3.65 MPa m1/2 (-3.4%) 
2007 
Jiang et al. [88] Al2O3 
SWCNT 10 
vol. % Powder Processing 
Fracture toughness (VI): 9.71 MPa m1/2  
(200%), Hardness: 1610 kg/mm2 
2008 
Yamamoto et 
al.[35]  
Al2O3 
MWCNT 0.9 
vol. % Colloidal Processing 
Fracture toughness (SENB): 5.9 MPa m1/2  
(25%), 6.64 MPa (41%), Bending strength:  
689.6 MPa (27%) 
2008 
Ahmad et al. 
[41] 
Al2O3 
MWCNT 7 
vol. % Powder Processing 
Fracture toughness (SENB): 6.8 MPa m1/2 
 (117%),  Bending strength: 490 MPa (44%) 
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2008 
Yamamoto et 
al. [89] 
Al2O3 
MWCNT 
0.5 wt. % 
Colloidal 
Processing 
Fracture toughness (SENB): 4.8 MPa m1/2 (20%),  
Flexural strength: 572 MPa (17%) 
2008 
Wei et al.[90] Al2O3 
MWCNT 3 
vol. % 
Colloidal 
Processing 
Fracture toughness (SENB): 5.01 MPa m1/2 (79%),  
Bending strength: 410 (13%) 
2008 
Balani et al.[5] Al2O3 
MWCNT 
0.5 wt. % In Situ CVD
Fracture toughness (VI): 4.62 MPa m1/2 (12%), 
Hardness: 905.9 VHN (12%) 
2008 
Estili et al.[91] Al2O3 
MWCNT 
3.5 vol. % 
Colloidal 
Processing Fracture toughness (VI): 5.2 MPa m
1/2 (99.5%) 
2008 
Xia. Et al. [16] Al2O3 
MWCNT 10 
vol. % In Situ CVD Frictional coefficient: 0.073 (-50%) 
2008 
Balani et al. 
[2] 
Al2O3 
MWCNT 8 
wt. %  
Spray 
drying 
Fracture toughness : 5.12 MPa m1/2 (57%),  
Wear resistance : 49 times 
2009 
Kim et al.[92] Al2O3 
MWCNT 
1.5-3 vol. % In Situ CVD
Flexural strength : (40%) with 1.5 vol. % CNT 
Flexural strength lower than momolithic Al2O3 with 3 vol. 
% CNT 
Fracture toughness : 4.7 MPa m1/2 (40%) with 3 vol. % 
CNT 
2009 
Zhang et 
al.[20] 
Al2O3 
MWCNT 3-
19 wt. % In Situ CVD
Fracture toughness :3.50 +0.07 MPa m1/2 (0 wt. % CNT) 
Fracture toughness :3.83 +0.48 MPa m1/2 (3.19 wt. % CNT)
Fracture toughness :4.70 +0.74 MPa m1/2 (7.39 wt. % CNT)
Fracture toughness :2.47 +0.65 MPa m1/2 (8.25 wt. % CNT)
Fracture toughness :1.32 +0.32 MPa m1/2 (19.1 wt. % CNT) 
2010 
Zhang et al. 
[93] 
Al2O3 
MWCNT 1-
5 vol. % 
Colloidal 
Processing 
Flexural strength (540 MPa) higher than monolithic Al2O3 
(400 MPa) with 1 vol. % CNT 
Flexural strength (230-240 MPa) with higher content of 
CNT 
Fracture toughness : 3.3 + 0.5 MPa m1/2 (0 vol. % CNT) 
Fracture toughness : 4.1 + 0.6 MPa m1/2 (1 vol. % CNT) 
Fracture toughness : 3.5 + 0.4 MPa m1/2 (3 vol. % CNT) 
 34
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12: SEM images showing (a) crack generated by nanoindenter and different 
failure mechanisms including (b) crack deflection, (c) CNT bridging, (d) CNT pull-out in  
CNT/alumina composites produced by in situ CVD technique followed by hot-press 
sintering [7]. 
 
Figure 2.13 shows the comparative fracture toughness results as a function of 
CNT content of Zhan et al. work with other studies in the literature. The substantial 
increase in fracture toughness of SWCNT reinforced Al2O3 composite was attributed to 
stronger interfacial bonding between SWCNT and Al2O3 and the crack deflection by 
SWCNT in the composite [8, 24].  
(a) (b) 
(c) (d) 
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Figure 2.13: Fracture toughness versus carbon nanotube volume content in aluminum 
oxide based composites as reported in literature [8]. 
 
Most of the studies shown in Table-2.3 have used Anstis equation (Equation-2.3) 
to measure the , fracture toughness of the composite [92].  
                                             
2/3
2/1
c
P
H
EKc 

                                                              (2.3) 
 
P is the applied load, E is the elastic modulus, H is the Vickers hardness, c is the radial 
crack length (measured from center of indent), and χ is an empirical constant which 
depends on the geometry of the indenter. For a cube corner indenter, χ = 0.04 while for 
Vickers and berkovich indenter is 0.016 and 0.032 respectively [107, 108]. Wang et al. 
[38] contradicted that Vickers indentation for measuring the fracture toughness is an 
indirect technique  and fracture toughness depends mainly on the elastic/anelastic 
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contact-mechanical response of the materials.  Addition of carbon may allow shear 
deformation under the indenter which can limit the cracking around indentation resulting 
in high fracture toughness value [38].  They synthesized similar composite of Al2O3/10 
vol. % SWCNT using spark plasma sintering and measured the toughness of the 
composite using Vickers indentation technique as well as by direct toughness 
measurement (single edge V-notched beam, or SEVNB) [38]. Vickers indentation test on 
composite showed very small crack in the composite which indicates that composites are 
crack resistant i.e. higher toughness of the composite while the toughness value measured 
by SEVNB technique (3.22 MPam1/2 for Al2O3 and 3.32 MPam1/2 for Al2O3/10 vol. % 
SWCNT) indicates that composites are not tough which is in contrast to Zhan et al 
results. The discrepancy observed between both the tests is explained by following facts. 
In indentation test, highly concentrated load acts on a very small area which leads to 
intense confined-shear, while in bend test the crack tip is subjected to mode I tension 
only. Secondly, homogeneous and heterogeneous ceramic both respond differently in 
case of contact loading. It is difficult to rule out the shear deformabilities of 
homogeneous and heterogeneous ceramics because both deform anelastically under the 
intense confined-shear [38]. 
 
Recently, Quinn et al. [109] did a comprehensive review on the Vickers 
indentation test for fracture toughness measurement and discussed the limitations of this 
technique. They supported the finding of Wang et al. and recommended that Vickers 
indentation technique should not be used to determine the absolute value of fracture 
toughness in ceramics [109].  However, in response to Wang et al. work, Jinag et al. 
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reported that SEVNB is not a standard and reliable testing method for measuring the 
fracture toughness. The bluntness of the notch tip remains an issue. In addition, residual 
stress generated during the notch making process influences the toughness which can 
develop the complexities. Further, it has been mentioned that, both of these two 
techniques does not give absolute reliable KIC for really brittle material, but still they can 
be used to measure the crack propagation resistance under comparative frame. 
 
It is well accepted that fracture toughness also have a significant impact on the 
tribological behavior of coatings [9, 98, 110-112]. Tribological behavior of CNT-ceramic 
composites is reviewed in the following section  
 
2.6.2 Tribological Behavior of Al2O3-CNT Composites 
Evans and Marshall [110] has proposed the wear of ceramic material based on the 
fracture toughness value which is represented in equation 2.4. 
                                              S
H
EHKPV cn
8.0625.05.0125.1 )(                                          (2.4) 
where, V is the wear volume (m3), Pn is applied load (MPa), Kc is fracture toughness, H is 
the hardness, E is the elastic modulus (GPa) and S is the sliding distance (m). Equation 4 
clearly indicates that high fracture toughness of the material will result in improved wear 
resistance of the ceramic.  
 
An et al. [98] studied the effect of 4 wt. % CNT additions on the tribological 
behavior of hot pressed Al2O3 and observed that relative wear weight loss decreased by 
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45% with CNT addition. The decrease in weight loss was attributed to the combined 
effect of increased hardness and decreased coefficient of friction [98]. Decrease in 
coefficient of friction might be due to lubricating effect of CNTs which may arise both 
from the graphitic nature of CNT and the rolling of CNTs between the specimen and the 
ball. However, the wear resistance of the composite significantly decreased with the 
addition of 10 wt. % CNT which was attributed to inhomogeneous dispersion of CNT 
and poor cohesion between CNT and Al2O3 matrix [98]. Another study on the 
tribological performance of Al2O3-CNT by Lim et al. [113] showed that wear weight loss 
continuously decreased with an increase in CNT content up to 12 wt.%. This was 
attributed to the enhanced dispersion of CNT in Al2O3 composite which was achieved by 
tape casting followed by lamination and hot pressing. Balani et al. [9] reported an 
improvement of 49 times in the pin-on-disk sliding wear resistance by addition of 8 wt. % 
CNT to Al2O3. Such improvement was attributed to a uniform dispersion of nanotubes, 
CNT bridging between the splats and enhanced densification by CNTs. Figure 2.14 
shows wear densification by CNTs on the wear surface of Al2O3-8 wt. % CNT coating 
[9]. Xia et al. concluded that that coefficient of friction in aligned MWCNT/Al2O3 
composite also depends on the contact and buckling behavior of the CNTs in addition to 
their lubrication characteristic [7]. 
 
These all studies investigated tribological behavior of the Al2O3-CNT coating at 
room temperature. However, no attempt has been made to study the tribological behavior 
of CNT-reinforced ceramic composites at elevated temperature. Though there are some 
 39
studies that provide an insight into tribological characteristics of Al2O3 without CNT 
reinforcement at the elevated temperature [112, 114]. 
 
 
 
 
 
 
 
 
 
Figure 2.14: SEM image of wear surface of Al2O3-8 wt. % CNT coating showing wear 
densification by CNTs [9]  
 
Ouyang et al. [114] studied the tribological characteristics of low-pressure 
plasma-sprayed Al2O3 coating from room temperature to 800°C and found a transition 
from mild to severe wear with the increasing temperature. At room temperature, Al2O3 
coating exhibited low friction (0.17) and wear rate (1.07×10-5 mm3/Nm) when sliding 
against Al2O3 ball. However, when temperature is increased above 400°C, coefficient of 
friction (COF) and wear of the Al2O3 coating increased rapidly and reached a maximum 
(COF: 1.52, wear rate: 2.97×10-4 mm3/Nm) at 800°C [114]. Similar result was found by 
Lin et al. [112]  who studied the tribological behavior of titanium oxide (TiO2) reinforced 
Al2O3 (Al2O3-3 wt.% TiO2) coating against silicon nitride (Si3N4) ball from room 
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temperature to 873 K. They found that the wear rate of coating was too small to be 
measured accurately at the room temperature and increased (~5.5×10-5 mm3/Nm) with the 
increase in the temperature. Improved wear resistance at room temperature was attributed 
to the formation of protective silicon oxide (SiO2) layer on the wear track.  This 
protective SiO2 layer was the result of the oxidation of Si3N4 (counter body) ball in the 
presence of the moisture [112]. It was observed that, with the increasing temperature, the 
absorption tendency of moisture on the worn surface decreased and there was no more 
protective SiO2 layer resulting in higher wear of the coating [112]. Formation of the 
protective layer between the ball and the coating occurs due to tribochemical reaction 
which is caused by the moisture/oxygen absorption from the atmosphere [112].   
 
In this dissertation, study, the tribological behavior of plasma sprayed Al2O3-CNT 
coatings is investigated at room and elevated temperature (up to 873 K) using ball-on-
disk tribometer. This is the first study which presents the high temperature tribological 
behavior of CNT reinforced Al2O3 coating. Wear and friction behavior of the Al2O3-CNT 
composite coating against tungsten carbide (WC) and silicon nitride (Si3N4) ball at 
temperature ranging from room temperature to 873 K is investigated.  
 
It has been emphasized that mechanical properties of plasma sprayed coating 
depend on the microstructure is build up of layers of splats. Hence, it is critical to study 
individual splat formation and its characteristics. In this dissertation, an attempt has been 
made to understand the effect of CNT and plasma process parameters on the splat 
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formation and its role in the coating microstructure. Following section presents a short 
review on the single splat formation and its impact on coating properties.  
 
2.7 Splat Formation and its Effect on Coating Properties  
Properties of plasma sprayed coating such as porosity, hardness, elastic modulus 
mainly depends on the microstructure [115-118]. Splat is the fundamental unit of plasma 
sprayed coating’s microstructure, which forms when a molten/semi-molten droplet 
impacts on the substrate. It is the shape of the individual splat and their interaction and 
distribution in three dimensional space, which affects the coating microstructure and 
properties [115-118]. Figure 2.15 shows the effect of plasma process parameters on 
coating’s microstructure and ultimately on the coating’s properties. Coating 
microstructure can be tailored by controlling the splat shape and size which depends on 
the plasma process parameters (as shown in Figure 2.15).  The impact of the individual  
 
 
 
 
 
 
 
Figure 2.15: Schematic showing the effect of plasma parameters on coating’s 
microstructure and ultimately on the coating’s property. 
 
Proces
Effect on Coating’s 
microstructure
Effcet on 
Coating’s
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molten droplet may lead to formation of splat of different geometries such as disk shape, 
disk with fingers, or fragmented splats. The shape of splat determines the porosity and 
adhesion at inter-splat boundaries which play a critical role in determining the 
mechanical, thermal [119] and electrical [120, 121] properties of coatings [12, 115-118, 
122]. Splat shape depends on many factors such as thermo-physical properties of powder 
and substrate, in-flight particle characteristics, substrate topography and temperature [12, 
115-118, 122].  
 
  
Several studies have been reported on morphological aspects of splats formation. 
Bianchi et al. [11] sprayed single splat of zirconia on cold 304L stainless steel substrate 
(~100°C) and observed a highly fragmented splat.  Perfect disc shaped splats were 
obtained for the hot substrate (~300°C). Fukumoto et al. [123] sprayed several metallic 
splats at various substrate temperature and observed distinct changes in splat morphology 
as a function of substrate temperature. Sampath et al. [10] did a  detailed study on the 
effect of substrate temperature on the  splat formation  for  partially stabilized zirconia 
(PSZ).  It was concluded that a threshold transition temperature exists for the substrate 
surface beyond which the splat morphology changes from fragmented to disk shaped 
splat morphology. Figures 2.16a and b show the PSZ splat deposited on cold and hot 
substrate respectively.  and Figure 2.16c and d  are the corresponding 3D surface profile 
of the splats [10].  Fragmented splat was observed on the cold substrate while perfectly 
round splat was seen on the hot substrate.  In case of PSZ, the transition temperature was 
found in range of 250-300°C. This change in splats morphology in cold and hot 
substrates has been explained by following facts. In the case of cold substrate, initiation 
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or localized solidification is responsible for the spreading instability which leads to 
splashing [10]. However in hot substrate, better contact and uniform heat conduction 
minimizes the localized solidification and even delays its initiation until after spreading is  
 
 
Figure 2.16:  PSZ splats deposited on (a) cold and (b) hot substrate. (c) and (d) are the 3D 
surface file of the corresponding splats [10]. 
 
completed. This indicates that substrate temperature is the powerful tool for tailoring the 
microstructure of the coating and ultimately is the tool for manipulating the properties of 
coating.  Sampath et al. also observed significant improvement in the splat-substrate and 
intersplat contact resulting in reduced porosity, increased thermal conductivity and 
strength [10]. 
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Apart from the substrate temperature, very few researchers have studied the effect 
of surface roughness on the splat formation. Bianchi et al. [11] studied the effect of 
surface roughness on the splat formation and observed perfectly disc splat on smooth 
substarte (shown in Figure 2.17a) while splat was fragmented on the rough substrate 
(shown in Figure 2.17b). Also, the degree of flattening was lower in rough substrate 
(~4.2) as compared to the smooth substrate (~5.0). Fragmented and lower flattening ratio 
of the splat on the rough substrate was attributed to an increased friction as a result of 
increased roughness which ultimately promotes the splash formation [11].  
 
 
 
 
 
 
 
 
Figure 2.17: YSZ splats collected on (a) smooth and on (b) rough substrate preheated at 
300°C [11] 
 
Despite all the development in the field of splat formation, mechanism behind the 
transition temperature i.e. at which splat morphology changes from fragmented to disk 
shape is not clear. Also, it is not clear which all process parameters are critical in splat 
shape formation. Pasandideh-Fard et al. [124] showed the analytical expression (Equation 
2.5) for the maximum spread (ζmax) of the droplet which is as follow. 
(a) 
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where, 
 020 DVWe   is the measure of droplet inertia to surface tension and,  
                                                                                                is the measure of droplet inertia to viscous force 
 
          ρ = Liquid density,  
µ = Liquid viscosity, 
D0 = Initial droplet diameter 
Vo = Impact velocity 
γ= Liquid-gas surface tension 
θa = Liquid-solid contact angle 
 
For thermal spray conditions, the first term in the denominator in Equation 2.5 is 
negligible as compared to the second term (typically We >>12) [124], hence Equation 2.5 
can be represented as following (Equation 2.6). 
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For plasma spray process, typically the maximum spread factor lies between 3 
and 6. Taking solidification into account, Pasandideh-Fard et al. [124] also obtained an 
analytical expression for the maximum spread (Equation 2.7) which is as follow.  

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where, 
f
iwm
H
TTC
Ste
)( , is the Stefan number, C is the droplet heat capacity, Tm is the 
droplet melting temperature, and Tw,i is the initial substrate temperature. 

eP  is the droplet Prandtl number, ν and α are droplet kinematic viscosity and 
thermal diffusivity respectively.  
 
Equation 2.7 partially provides the relation between maximum spreading of the 
droplet to the impact variable [124]. However, above expression has not attracted much 
consideration due to several simplification associated with this expression.  
 
Splat formation experiments are time consuming and very challenging. To better 
understand the dynamics of splats, impact, spreading and its solidification, simulation of 
single splats based on several numerical models has been carried out [125, 126]. 
Simulation of single splat based on the different models has been discussed in the 
following section. 
 
2.8 Simulation of Single Splat 
Simulation can play an effective role in understanding of the splat formation, and its 
solidification behavior. Several models have been developed to simulate splat formation 
[125, 126]. However, these models have focused on the axisymmetric or two dimensional 
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impact of droplet on the substrate and cannot be used for a splashing droplet which has 
fingers [12]. Bussmann et al. [127, 128] designed 3D numerical model and mentioned 
that it could be used for splashing droplet. However, this model did not take heat transfer 
in consideration and all the cases were used only for isothermal condition. Pasandideh-
Fard et al. [129-131] extended the Bussmanna et al’s work and included the heat transfer 
and solidification issue for simulating the impact and splashing of molten droplet in 3D 
domain. Splat formation model developed by Pasandideh-Fard et al. has potential to solve 
following facts [129-131]. 
i. Relationship between final splat shape and impact parameters, powder and 
substrate properties. 
ii. Mechanism behind splashing and break-up of the splats. 
iii. Interaction between splats. 
Model developed by Pasandideh-Fard et al. [129-131] was based on three-
dimensional finite-difference algorithm which solves the full Navier-Stokes equation 
including heat transfer and phase change. Volume of fluid (VoF) tracking algorithm is 
used in this model to track the droplet-free surface. Also, thermal contact resistance 
(usually 10-7 m2K/W for thermal spray process) at the droplet-substrate interface is 
included in this model. Based on this model, Mostaghimi et al. [12] simulated the nickel 
droplet (60 µm diameter) impacting on a stainless steel substrate at 290°C with a velocity 
of 73 m/s . Initial droplet temperature of nickel was 1600°C. Figure 2.18 shows the 
simulated view of nickel droplet on stainless steel substrate [12] for different time frame. 
Immediately after the impact, droplet starts spreading in the radial direction. 
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Solidification of the droplet starts and all the liquid, which is in contact with the substrate 
freezes in 0.5 µs after the impact. Once the bottom layer of splat solidified, remaining  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18 : shows the simulation of nickel droplet at 1600C landing with a velocity of 
73m/s on stainless steel substrate initially at temperature of 290C [12]. 
 
liquid jets out over the rim of the splat. Detachment of the liquid ligaments from the bulk 
of the splat is due to instability of the contact line between the solidified splat (bottom 
layer) and molten splat (top layer of splats). The shape of these detached liquid ligaments 
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changes due to surface tension effect. During this shape change, liquid ligament is 
dragged on the substrate forming finger around the bulk splats (Figure 2.18 at 10 µs). 
Simulation of the splats proved a potential tool in order to understand the splats formation 
and solidification behavior at various conditions which directly affects the coating 
microstructure. However, there are certain limitations associated with the simulation of 
molten droplet which are as follows. 
 For surface roughness, it is assumed that all three parameters viz. peak to valley 
height (Rz) , peak to peak distance (Rpp), and width of the tooth (RSm) are uniform 
throughout the substrate surface.  
  Throughout the calculation, a single density is used for both liquid and solid phase of 
the drop. This density is the liquid phase.  
  Thermal resistance between the droplet and the substrate: This property could vary 
with time and/ or position on the interface. A constant value is used through out the 
simulation. 
 
2.9 Justification for Further Studies on Al2O3-CNT Coatings  
 A review of Al2O3-CNT research has shown tremendous potential in achieving 
enhanced fracture toughness and wear resistance of the composites. But there are several 
aspects which needs further attention.  
 Researchers have attempted different techniques to effectively disperse the CNTs in 
the ceramic matrix. These dispersion techniques have evinced varying degree of 
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success with some limitations. Homogeneous dispersion of CNTs in the Al2O3 matrix 
still remains a challenge. 
 Process map for ceramic coatings are still in embryonic stage and needs attention in 
order to establish the “reproducibility” of coatings by plasma spray technique.  
 Tribological behavior of Al2O3-CNT coatings showed significant improvement at 
room temperature, however, their behavior at elevated temperature is unknown.  
 The parameters affecting the splat morphology and coating properties have been 
discussed in the literature for ceramics and metals but the role of CNT in splat 
formation/morphology and its subsequent effect on coating’s microstructure and 
properties need to be investigated.  
 
Based on above observations and limitations on Al2O3-CNT nanocomposite, present 
work addresses these specific challenges by developing comprehensive process maps for 
Al2O3-CNT system. Process maps will establish the correlations between coating density, 
fracture toughness, wear resistance at RT and at high temperature, and CNT content. The 
details of the experimental methods will be discussed in the next section. 
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3. EXPERIMENTAL PROCEDURE 
 
This chapter focuses on the processing details for synthesizing the “high density” 
plasma sprayed Al2O3-CNT nanocomposite coatings. The various characterization 
techniques and tools used for the microstructural and mechanical evaluation of coatings 
are also discussed. 
 
 
3.1 Powder Feedstock 
 
The powder feedstock characteristics such as particle shape, size distribution and 
composition play a crucial role in determining the flowability of powder in the plasma 
gun. In-flight thermal and kinetic history of the powder and its degree of melting are also 
dependent on the powder characteristics, which ultimately affect the coating properties. 
Spray drying and chemical vapor deposition (CVD) techniques have been adopted in this 
study for the powder pre-treatment. Both techniques are very effective in dispersing 
CNTs in Al2O3 powder. Also, the spray dried spherical aggmolerates provide excellent 
flowablitity in the plasma gun to ensure uniform melting and high quality coating. 
Following section discuss about the powder feedstock.  
 
 
3.1.1 Spray Drying (SD) of Al2O3 and CNT  
 
Nano Al2O3 (~150 nm) powder and multiwall carbon nanotubes (95% +purity, 
OD 40–70 nm, 0.5–2.0 μm in length) were obtained from Inframat Corporation, 
Farmington, CT and were used as the starting material. Since nanoparticles cannot be 
plasma sprayed because of their high interparticle friction and inconsistent flow in the 
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plasma gun nozzle, spray drying was carried out to enhance the flowability of powder. 
Inconsistent flow of powder results in poor melting and hence severe porosity in the 
coating. Commercial spray drying facility at Inframat Corporation was used in order to 
get spherical agglomerates of Al2O3 and Al2O3-CNT particle. In spray drying process, 
nanosized powder particles are dispersed in an aqueous organic binder (poly-vinyl 
alcohol) to form slurry. Resulting slurry is subsequently spray dried by hot gas 
atomization in a chamber to form composite spherical agglomerates. In addition to 
enhanced flowability, spray drying also assists in homogeneous dispersion of CNTs in 
Al2O3 matrix. Spray drying of nano-Al2O3 (referred as A-SD) results in spherical 
agglomerates of 30±10 μm in diameter. Nano-Al2O3 powder was also spray dried with 4 
wt. % CNTs (referred as A4C-SD) and 8 wt. % CNTs (referred as A8C-SD) to produce 
spherical agglomerates of 26±7 μm and 24±5 μm respectively. A-SD powder feedstock 
served as the control sample to evaluate the effect of CNT addition. 
 
 
3.1.2 CVD Growth of CNTs on Dense Al2O3 Powder  
 
Chemical vapor deposition (CVD) technique was employed for uniform growth 
and dispersion of CNTs on dense, sintered and crushed Al2O3 powder (ALO 101, Praxair 
Inc., Danbury, CT). It is expected that, dense nature of the powder will contribute 
towards high density of coating. Iron (III) Nitrate Nonahydrate (Fe(NO3)3.9H2O) was 
used as a catalyst for growing CNTs. In order to complete mixing of iron catalyst with 
Al2O3 powder, iron catalyst (1 wt. %) was mixed with methanol and sonicated for 5 min. 
Catalyst suspension was mixed with Al2O3 powder and then mixture was dried on the hot 
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plate. Dried mixture of catalyst and Al2O3 powder was loaded in the quartz tube wherein 
argon was purged (500 sccm) for 5 minutes to deoxidize the environment. Easy tube 
furnace 1000 (Firstnano, NY) was used to heat the quartz tube to 973 K.  Once the set 
temperature was achieved, H2 (400 sccm) and C2H4 (100 sccm) gas supply was turned on. 
In order to achieve the critical length of CNT required for reinforcement, CVD 
experiment was carried out for several growth time (i.e. 10, 12, 17, 22, 27 minutes) and 
the growing time was selected at 27 min. After the reaction time of 27 min, C2H4 and H2 
gas supply was turned off but Ar gas flow was continued till furnace cools to room 
temperature. The resulting CNT grown Al2O3 powder was named as ICP-1. Carbon 
analysis was done by high temperature carbon analyzer (Eltra CS 500, Germany) by 
combustion of ICP-1 powder at 1573 K.  CNT yield of 1.5 wt. % in the ICP-1 powder 
was determined. 
 
3.2 Optimization of Plasma Processing Parameters  
 
In order to synthesize “high density” (i.e. low porosity) plasma sprayed coatings, 
optimization of process parameters was done by continuous monitoring of temperature 
and velocity of in-flight particles. Details of the in-flight particle diagnostic have been 
discussed in the following section. Since there is a limitation on large scale synthesis of 
CVD CNT- Al2O3 powder (ICP-1), all the optimization studies were carried out on spray 
dried powder.  
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3.2.1 In-flight Particle Diagnostic 
 
Temperature and velocity of the in-flight powder particle was measured using 
AccuraSpray™ in-flight diagnostic sensor (Tecnar Automation Ltée, QC, Canada) as 
shown in Figure 3.1. Accuraspray diagnostic system provides ensemble average data 
which represents the particle characteristics in a measurement volume of approximate 75 
mm3. Velocity of the particle is determined by time of flight technique, where two optical 
fibers sense and gather light, which is transmitted to photomultiplier. Photomultiplier 
generates the electronic pulse, which identify the particle and trigger a pulse to calculate 
its traveling time for a certain distance. A cross-correlation factor (CCF) value of 0.9 or 
higher confirms the 99.5% precision for the measured velocity. Temperature of the 
particle is measured by two color pyrometry. Two color pyrometry measures spectral 
energy in two different wavelength bands (785±20 and 995±20 nm) and the surface 
temperature of the radiating body can be obtained using Planck’s law and Wein’s 
approximation (Equation 3.1) [132], 
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where 1 and 2 are the two wavelengths, and C2 is constant (= 1.4388 cm.K), and ε(λ,T) is 
the spectral emissivity. The minimum temperature that can be measured is 900°C with 
0.5% precision while the minimum velocity that can be measured is 5 m/s with 0.5% 
precision. Error in the velocity and temperature measurement is <1.5 m/s, and <15°C 
respectively at a cross-correlation factor > 0.9. 
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Fig. 3.1: AccuraSprayTM in-flight diagnostic sensor: (a) Display monitor, (b) the sensor 
head, and (c) a screenshot showing temperature and velocity of in-flight particle and 
plume profile. 
 
The other component of this system consists of a CCD camera which enables the analysis 
of the plume appearance (position, width, distribution, intensity). Figure 3.2 shows the 
schematic of plasma gun and in-flight sensor. Accuraspray detector was placed at 75 or 
100 mm stand-off from the plasma gun to obtain temperature and velocity of the in-flight 
particle. 
b 
a 
c
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       Figure 3.2: Schematic layout for in-flight-particle sensing and data acquisition 
 
3.2.2 Synthesis of Free-Standing Coatings for Porosity Measurement 
Plasma spraying of three powders (A-SD, A4C-SD and A8C-SD) was carried out 
using Praxair SG 100 plasma gun (Praxair, Danbury, CT, USA) on an AISI 1020 steel 
substrate.  Powders were carried by argon gas through Praxair model #1264 powder 
feeder and internally injected in the plasma gun. The methodology for optimization of 
plasma process parameters to obtain high density coatings (i.e. low porosity) is outlined 
in flow chart in Figure 3.3. In-flight experiments were carried out for all powders, 
starting with A-SD and followed by A4C-SD and A8C-SD powders. The number of in-
flight experiments for A4C-SD and A8C-SD powders were successively reduced based  
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 Figure 3.3: Process map evolution for obtaining highest density coatings.  
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on the T (temperature) and V (velocity) results from the preceding powder feedstock. 
Based on the higher temperature and velocity data for a set of plasma parameters, free-
standing coatings were synthesized and porosity of the coatings was measured using 
Archimedes (water immersion) technique which has been discussed in detail in next 
section (section 3.2.3).  The deposit with the lowest porosity (i.e. high density) was 
selected to establish correlation with the processing parameters and microhardness.  
 
Based upon our previous studies [4, 5, 9, 18, 27, 64] and other literature [133, 134] on 
plasma sprayed Al2O3 coatings, the initial envelope of processing variables was chosen 
which is optimized in this work. Figure 3.4 shows the optimization of plasma processing 
parameter for A-SD powders.  Stage 1 (Figure 3.4) and Table 3.1 shows that a total of 54 
experiments were required to obtain thermal and kinetic history of A-SD powder for the 
selected plasma parameters. First 27 experiments were carried out at a stand-off distance 
of 75 mm. Based on the temperature and velocity results obtained from the first 27 
experiments, the lowest plasma power (26 kW) and highest feed rate (9.7 g/min) were 
dropped for in-flight experiments of A-SD powder at stand-off 100 mm.  Hence, out of 
initially possible 54 experiments, total 39 (27 experiments at stand-off 75 mm and 12 
experiments at a stand-off 100 mm) in-flight experiments were carried out for A-SD 
powder. Based on the temperature and velocity data for A-SD in-flight experiments, 
lowest plasma power (26 kW) and highest feed rate (9.4 g/min) were not considered for 
A4C-SD powder. Hence, only 24 in-flight data experiments were carried out for A4C- 
SD powder i.e. 12 experiments at each stand-off as shown in Figure 3.5, stage 1. 
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Figure 3.4: Optimization of plasma processing parameters for A-SD powder 
 
Table 3.1: List of plasma processing parameters for obtaining temperature and velocity 
data using in-flight particle diagnostic sensor. Free standing coatings for the porosity 
measurement were made for the parameters shown in italics and bold font.  
Plasma parameters A-SD Powder A4C-SD Powder A8C-SD Powder  
Plasma power (kW) 26, 30, 34 30, 34 30, 34  
Primary gas flow 
(slpm) 42.5, 49.5, 56.6 42.5, 49.5, 56.6 42.5, 56.6 
Powder feed rate 
(gram/minute) 3, 6.2, 9.7 3, 6.2 3.1, 6.3 
Stand off distance 
(mm) 75, 100 75, 100 
75 
 
Parameters for free-standing 
Finally optimized parameter 
(based on lowest porosity)
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Figure 3.5: Optimization of plasma processing parameters for A4C-SD powder 
Parameters for free-standing 
i
Finally optimized parameter 
(based on lowest porosity)
 
 
 
By observing the temperature and velocity data for A-SD (39 experiments) and A4C-SD 
(24 experiments) powders, the number of in-flight data experiments for A8C-SD powder 
was reduced to 8 as shown in stage 1 of Figure 3.6. No experiment was conducted for 
A8C-SD powder for the lowest plasma power (26 kW), highest feed rate (9.5 g/min), 
intermediate primary gas flow rate (49.5 slpm) and high stand-off (100 mm).  This 
approach of successively reducing the number of experiments for each Al2O3 based 
composition was effectively utilized by dropping the experiments for those parameters 
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which provided lowest temperature and velocity from the in-flight particle diagnostic 
experiments. This approach was also very effective in studying the role of carbon 
nanotube in altering the thermal and kinetic history of the in-flight particle, and hence the 
final microstructure. Stage 2 in Figures 3.4, 3.5 and 3.6 shows those plasma processing 
parameters for which free-standing coatings were synthesized for the porosity 
measurement. Free-standing coatings were synthesized at only those process parameters 
which indicated higher temperature and higher velocity from in-flight experimental 
results during stage 1. Italics and bold fonts in Table 3.1 show the plasma processing 
parameters for synthesizing the free-standing coatings. A total of 16 free-standing coating 
Figure 3.6: Optimization of plasma processing parameters for A8C-SD 
Parameters for free-standing 
Finally optimized parameter 
(based on lowest porosity)
 62
samples (8 at each stand-off 75 and 100 mm) were made for A-SD powder particle as 
shown in stage 2 of Figure 3.4. In case of A4C-SD powder, a total of 12 free-standing 
coating samples were synthesized, i.e. 6 free-standing coating samples at each stand-off 
distance (Figure 3.5, stage 2) while, only 8 free-standing coating samples were 
synthesized for A8C-SD powder (Figure 3.6, stage 2) at the 75 mm stand-off distance. 
Stage 3 in Figures 3.4, 3.5 and 3.6 show the optimized plasma processing parameters to 
achieve the lowest porosity in A-SD, A4C-SD and A8C-SD coatings.  
 
3.2.3 Porosity Measurement 
 
Porosity of the free-standing coatings was calculated using below Equation 3.2. 
This equation involves the term apparent density (AD) which was measured using 
Archimedes (water immersion) technique.  
                                           100*)((%)
TD
ADTDPorosity                                     (3.2) 
 
here TD =Theoretical density 
        AD = Apparent density 
 
 
 
The apparent density (AD) of the coating was calculated by measuring weight of the free-
standing coating in air and in water (Equation 3.3). Ohaus digital balance with an 
accuracy of 10-5 gram has been used for measuring the weight of the free-standing 
coating. For calculating the theoretical density of CNT-reinforced coating, volume 
fraction of CNT and Al2O3 has been calculated as shown in Equation 3.4 and 3.5. Finally, 
Weight in air (in grams) 
(Weight in air - weight in water) (in grams) Apparent density (grams/cc) = 
(3.3) 
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theoretical density (TD) of the CNT reinforced Al2O3 coatings were calculated using rule 
of mixture (Equation 3.6), which is as shown below.  
 
Theoretical density of Al2O3 (ρAl2O3)   : 3.99 g/cm3 
Density of CNT (ρCNT)                         :  2.1 g/cm3 [37] 
For A4C-SD coating (Al2O3-4wt% CNT): 
Weight fraction of Al2O3   (wAl2O3)       : 0.96 
Weight fraction of CNT (wCNT)            : 0.04 
From the known weight fraction, volume fraction of CNT and Al2O3 were obtained from 
equation 4 and 5 respectively. 
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Volume fraction of Al2O3    :  0.926 
Volume fraction of CNT    :  0.073 
From rule of mixture: 
                           CNTfOAlOAlfSDCA CNTvv   32324                                            (3.6) 
 
TD of Al2O3-4wt.% CNT coating ρA4C-SD = 3.85 g/cm3 
 
 
Similarly, theoretical density of A8C-SD was calculated.  
TD of Al2O3-8 wt. % CNT coating ρA8C-SD = 3.72 g/cm3 
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Porosity was measured for 4 samples for each coating condition. The error in porosity 
data was found to be ± 0.3%. 
 
3.2.4 Statistical Analysis for Porosity of Free-Standing Coatings 
Porosity of the free-standing coating is a response function of the plasma 
processing parameters. The influence of various plasma processing parameter (plasma 
power, powder feed rate, primary gas flow rate, stand-off distance) on the porosity of 
free-standing coating was analyzed by means of regression analysis using Statistical 
Package for the Social Sciences (SPSS) 14.0 software, (SPSS Inc. Chicago, Illinois, 
USA). An empirical equation for the porosity was developed and only statistically 
significant processing parameters were included in the regression equation. The 
coefficients of determination (R2) of the equations were also calculated.  
 
 
3.3 Synthesis of Al2O3-CNT Coatings on Steel Substrate  
 
Al2O3-CNT coatings were deposited on steel substrate using spray dried and CVD 
powders. The details of coating synthesis are discussed in the following sections. 
 
 
3.3.1 Coatings Synthesized from Spray Dried Powder 
 
Three different spray dried powder viz. A-SD, A4C-SD, A8C-SD  were plasma 
sprayed using SG 100 gun (Praxair Surface Technology, Danbury, CT) on AISI 1020 
steel substrate (100 mm×19 mm×3.2 mm) to synthesize Al2O3-CNT composite coating. 
These coatings were synthesized at optimized plasma process parameters which showed 
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lowest porosity in the coatings. It should be noted that optimized plasma process 
parameters were similar for all three powders (i.e. A-SD, A4C-SD, and A8C-SD). In 
order to see the effect of porosity on coating’s mechanical property, another set of 
coatings were synthesized at those plasma process parameters which showed highest 
porosity in the coating at the same feed rate (i.e. 3 g/min.) for all three coatings (i.e. A-
SD, A4C-SD, A8C-SD). The reason to select the parameters resulting in highest porosity 
at the same feed rate was to compare the porosity content among all coatings. The plasma 
processing parameters utilized for both (i.e. lowest and highest porosity) coatings are 
tabulated in Table 3.2. Substrate preheat temperature was maintained at 453 K for 
synthesizing both sets of coatings. 
 
Table 3.2: Plasma spray parameters for synthesis of Al2O3-CNT coatings with lowest and 
highest porosity. 
 
 
Plasma process parameters for synthesizing “lowest porosity” coating 
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the 
substrate 
 
Powder feed 
rate 
(gram/min.) 
 
850 40 56.6 59.5 75 3 
Plasma process parameters for synthesizing “highest porosity” coating 
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the 
substrate 
 
Powder feed 
rate 
(gram/min.) 
 
750 40 42.5 59.5 75 3 
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3.3.2 Coatings Synthesized from CVD Al2O3-CNT Powder 
 
Similar to spray dried powder, ICP-1 powder was plasma sprayed using SG 100 
gun (Praxair Surface Technology, Danbury, CT) on AISI 1020 steel substrate (100 
mm×19 mm×3.2 mm) to synthesize Al2O3-CNT composite coating. Since there was only 
limited amount of CVD powder available, optimization of plasma process parameters 
was not done for ICP-1 powder. Optimized plasma process parameters for the lowest 
porosity using spray dried powder were used for synthesizing ICP-1 coating. The plasma 
processing parameters are tabulated in Table-3.3. Dense Al2O3 powder (ALO 101 powder 
without CNTs) was also plasma sprayed as coating using the same processing parameters 
as listed in Table 3.3.  Al2O3 coating served as the control sample to evaluate the effect of 
CNT reinforcement.  
 
Table 3.3: Plasma spray parameters for synthesis of Al2O3 and ICP-1 coatings. 
      
 
3.3.3 Single Splat Experiment 
In order to understand the role of splat in coating microstructure and properties, , 
single splat experiments were performed. Spray dried powder viz A-SD, A4C-SD, A8C-
SD  were plasma sprayed using SG 100 gun (Praxair Surface Technology, Danbury, CT) 
on an grit blasted (Ra= 2.405 m) and polished (Ra= 0.03 m)  AISI 1020 steel substrate 
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the 
substrate 
 
Powder 
feed rate 
(gram/min.
) 
 
850 40 56.6 59.5 75 3 
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(22 mm ×19 mm ×3.2 mm) to obtain the single splat. Splats were obtained at optimized 
plasma process parameters which showed lowest and highest porosity in the coating. 
Substrate roughness (Ra = 0.03 m, 2.405 m) and substrate preheat temperature (453 K, 
553 K) were varied in order to understand the role of these variables in splat formation. It 
is recalled that all coatings were synthesized at a substrate preheat temperature of 453 K. 
Hence similar substrate temperature was kept for synthesizing the single splat. Table 3.4 
summarizes the plasma process parameters for both sets of splat experiments.  Figure 3.7 
shows the set up for plasma spraying of single splats. 
 
Table 3.4: Plasma spray parameters for obtaining splats at lowest and highest porosity  
 
 
 
Plasma process parameters for synthesizing “lowest porosity” single splat 
 
Current  
(A) 
Voltage  
(V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off 
(mm) from the 
substrate 
 
Powder feed 
rate 
(gram/min.) 
 
 
850 40 56.6 59.5 75 3 
 
Plasma process parameters for synthesizing “highest porosity” single splat 
 
Current  
(A) 
Voltage  
(V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off 
(mm) from the 
substrate 
 
Powder feed 
rate 
(gram/min.) 
 
 
750 40 42.5 59.5 75 3 
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A shield plate with series of 2 mm dia. hole was used to obtain relatively uniform splats 
on the steel substrate. The steel substrate was positioned behind the shield plate for a total 
spraying distance of 75 mm. Substrate was preheated using the heat gun (STEINEL, HG 
2510 ESD, MN, USA).  The substrate temperature was measured using thermocouple 
(KMQSS-020U, Omega Engineering Inc.) inserted through the substrate thickness as 
shown in Figure 3.8a. Other end of the thermocouple was connected to temperature 
datalogger (TDL) to store the measured data. Figure 3.8b is the schematic of steel 
substrate showing dimensions of all the faces and holes. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: (a) Plasma spray set-up for obtaining single splat (b) Shield plate in front of 
plasma gun having series of holes of 2 mm diameter (c) Heat gun used to preheat the 
(a) (b) 
(c) (d) (e) 
Shield plate 
Heat gun 
Steel 
substrate Data logger 
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substrate (d) Steel substrate (22 mm×19 mm×3.2 mm) positioned on the back of the 
shield plate (e) Data logger for storing the substrate temperature.  
 
 
 
 
 
 
Figure 3.8: (a) Steel substrate showing through thickness hole (Ø=0.25 mm) for inserting 
thermocouple (b) schematic of steel substrate showing dimensions of all faces and hole. 
 
 
3.4 Characterization 
 
3.4.1 Microstructure and Phase Evaluation  
 
A JEOL JSM 6330 F field emission scanning electron microscope was used to 
investigate the microstructural features of starting powder and plasma sprayed Al2O3-
CNT coatings. Philips/FEI Tecnai F30 high resolution transmission electron microscope 
(HRTEM) operating at an accelerating voltage of 300 kV was used to study the CNT 
microstructure and CNT/Al2O3 interface. X-ray mapping was performed using a JEOL 
JSM 5910LV scanning electron microscope (SEM) operating at 15 kV and 16 frames in a 
matrix of 1024 x 800 pixels taking 50 µs per square pixel, each pixel of dimensions 0.336 
µm in x and y equally.  
 
22 mm 
19 mm 
3.2 mm 
0.25 mm 
(a) (b) 
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Physical Electronics (PHI 5400) ESCA X-ray Photoelectron Spectroscopy (XPS) 
was used for characterizing the worn surface of plasma sprayed Al2O3-CNT coatings.  
Non-monochromatic X-ray radiation from MgKα source of 300 W was used for the 
analysis. The survey spectra, and multiplex spectra were recorded with pass energies of 
35.7 and 17.9 eV, respectively to achieve better resolution. The spectrometer was 
calibrated using a metallic gold standard (Au 4f7/2 = 84.07±0.1 eV). The peaks shift due 
to charging produced by the specimen was removed by using a binding energy scale 
referred to that of C(1s) of the hydrocarbon part of the adventitious carbon line at 284.6 
eV. The nonlinear least-squares curve fitting was carried out using a Gaussian–
Lorentzian distribution. Curve fitting was accomplished by first smoothing the data using 
a Savitsky–Golay routine and then fitting this smoothed data by assuming a 100% 
Gaussian peak shape. All data smoothing and curve fitting is performed using Peak Fit 
software (version 4.05, SPSS Inc., Chicago, Illinois, USA) with modified fit routine.  
 
 
3.4.2 Micro-Raman Spectroscopy 
 
Micro-Raman spectroscopy was used to study the CNT structure. A Ti-sapphire 
crystal target with a laser wavelength of 785 nm was used and the laser was produced 
using source from Spectra Physics (Model 3900S, CA, USA) with the detector from 
Kaiser optical system, Inc. (MI, USA). The spot size is typically 5µm. 
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3.5 Mechanical Properties Characterization  
 
3.5.1 Vickers Microhardness and Fracture Toughness 
 
Zhongguo HXD-100 TMC Shanghai Taiming Optical Instruments microhardness 
tester (1000 g load and 30 s dwell time) was used for estimating microhardness of the 
plasma sprayed coatings. In order to generate long cracks in the coating for fracture 
toughness evaluation, microhardness tester (MHT Micro Photonics Inc., CA) with a 
Vickers indenter was used at a load of 4 kg and dwell time of 30 s. Fracture toughness of 
the coatings were evaluated using Anstis equation (Equation 3.7) [135], 
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
                                                   (3.7) 
P is the applied load, E is the elastic modulus, H is the Vickers hardness, c is the radial 
crack length (measured from the center of indent), and χ (=0.016) is the calibration 
constant. 
 
 
3.5.2 Modulus Mapping of Coatings via Nanoindentation 
 
Elastic modulus of the Al2O3-CNT coatings in modulus mapping mode were 
evaluated by nanoindentation technique. The 2D Modulus Mapping has been carried out 
on the coatings using Hysitron TriboIndenter® (Hystrion Inc., Minneapolis, MN) with 
the nano-DMA (Dynamic Mechanical Analyzer) transducer. Berkovich diamond indenter 
(100 nm) was used for the indentation. During modulus mapping in nano-DMA mode, a 
static load of 3 µN was applied on the coating with a dynamic load of 0.5 µN with a fixed 
frequency (200 Hz). At the same time, the tip rasters over the defined area (5 µm x 5 µm) 
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of the sample in order to measure the loss and storage modulus at each point to produce a 
2D map.. The sensitivity (2 mV) and time constant (10 ms) were optimized to obtain the 
best resolution. The transducer is capable of capturing a matrix of 256 X 256 data points 
in the given area. The results can be obtained as a 2D map with properties represented in 
colored gradient of the elastic modulus of 256 X 256 points.  At least 3 such scans were 
made for each coating.  
 
3.5.3 Tribological Behavior of Coatings 
 
Surface of the plasma sprayed coatings was polished prior to wear tests. Surface 
roughness of the polished coating was measured using TR 200 surface roughness 
analyzer (Micro Photonics Inc., CA).  Ball-on disk tribometer (Nanovea Inc., CA) was 
used to evaluate the wear resistance of the composite coatings at room (298 K) and 
intermediate temperatures (573 K, 873 K). Room temperature wear tests were carried out 
at 250 rpm (wear track diameter: 12 mm) and at normal loads of 10 N, 30 N, and 50 N 
while intermediate temperature wear test was performed only at 30 N load. A 3 mm 
diameter tungsten carbide (WC) ball (Hardness: ~24-27 GPa) was used to slide against 
ICP-1 coating whereas silicon nitride (Si3N4) ball (Hardness: ~15-20 GPa) was used to 
slide against the spray dried Al2O3-CNT coating surface. Different counter part was used 
to evaluate its effect on tribochemical reaction which ultimately affects the wear 
mechanism of the coating. Table 3.5 summarizes the wear test parameters at room and 
intermediate temperatures for spray dried and ICP-1 coatings.  
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The average roughness value (Ra) of the coated surface was ~1-3 μm. Wear test 
was conducted for 60 minutes resulting in 15000 revolutions, which corresponds to 565 
meter linear traverse distance. The weight change in the sample was measured after every 
12 minutes of wear for the room temperature experiments. For intermediate temperature 
wear tests, weight change in the coating was measured after the end 60 minutes. Up to 
three wear tests were conducted for each condition to evaluate the consistency.  The wear 
weight loss was measured using Ohaus digital balance with an accuracy of 10-5 gram. 
The frictional force between the ball and the coating surface was measured by the linear 
variable differential transformer (LVDT) sensor. The data was acquired at a rate of 1000 
data points per minute.  
 
Table 3.5: Wear test parameters at room and intermediate temperatures for spray dried 
coatings and ICP-1 coatings. 
Room Temperature Intermediate Temperature 
  Spray dried 
coating ICP-1 coating 
Spray dried 
coating ICP-1 coating
Load used 
(N) 10, 30, 50 10, 30, 50 30 30 
Sliding 
speed (rpm) 250 250 250 250 
Ball used Si3N4 WC Si3N4 WC 
Wear Track  
diameter 
(mm) 
12 12 12 12 
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4. CHARACTERIZATION OF POWDER FEEDSTOCK 
 
Powder feedstock morphology and its characteristics have a very significant impact 
on the coating’s final microstructure. Dispersion of CNTs in the initial powder feedstock 
plays an important role in obtaining improved mechanical properties of coating. Two 
approaches viz. (i) spray dried Al2O3-CNT powder and (ii) in situ CVD growth of CNTs 
on dense Al2O3 powder have been adopted in this study to achieve uniform dispersion of 
CNTs in the Al2O3 matrix.  Details of these two approaches are explained below. 
 
 
4.1 Spray Dried Composite Al2O3-CNT Powder 
 
Figures 4.1a and 4.1b show the SEM images of nano-Al2O3 powder (~150 nm 
particle size) and as-received CNTs (95% + purity, OD 40–70 nm, 0.5–2.0 μm in length) 
respectively. Spray drying (explained in section 3.1.1) of nano-Al2O3 without and with 
CNTs (4 and8 wt.%) was carried out. Since nano-Al2O3 particles have high surface area, 
 
 
 
 
 
 
 
Figure 4.1: SEM image of (a) nano-Al2O3 particle and (b) as received CNTs 
(a) (b) 
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CNT associates easily with nano-Al2O3 particles. As a result of spray drying,, spherical 
agglomerates of Al2O3 (referred as A-SD), Al2O3-4 wt. % CNT (referred as A4C-SD), 
Al2O3-8wt. % CNT (referred as A8C-SD) were obtained. Figures 4.2a-c show the high 
magnification SEM micrographs of the surface of A-SD, A4C-SD and A8C-SD 
agglomerates respectively. The inset shows low magnification image of spherical 
agglomerates of each composition. The particle size distributions of three powders are 
shown in Figure 4.3. The particle size distribution of A-SD, A4C-SD and A8C-SD was 
found to be 30 ± 10 µm, 26 ± 7 µm, and 24 ± 5 µm respectively. The spray dried 
agglomerates contains high amount of porosity (~30-40%) and have improved flowability 
due to their spherical shape and reduced interparticle friction. From Figure 4.2b and c, it 
can be seen that the CNTs are dispersed uniformly on the surface of agglomerate. 
Uniform dispersion of CNTs is critical for an improvement in the mechanical and 
tribological properties of coating.  
 
An initial signature of Raman spectrum was obtained from the powder feedstock 
in order to compare the retention of CNT structure in the plasma sprayed coatings. Figure 
4.4 shows the Raman spectra of as-received CNTs and A4C-SD and A8C-SD powders in 
which D and G peaks correspond to defect and graphitic structure of CNT. Though CNTs 
are uniformly dispersed by spray drying, it contains 30-40% of porosity which can 
largely affect the coating’s microstructure. To alleviate the problem of high porosity of 
spray dried powder, another powder processing approach has been used in which CVD 
growth of CNTs was done on “dense” Al2O3 powder. Also, CVD growth of CNTs will 
contribute towards obtaining the homogeneous dispersion of CNTs over each Al2O3 
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powder particle. Details of the in situ growth of CNT on Al2O3 particles are discussed in 
the next section.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 High magnification SEM images of spray dried (a) Al2O3 (A-SD) powder 
particle (b) Al2O3-4 wt. % CNT (A4C-SD) particle showing homogeneous dispersion of 
CNTs on the surface (c) Al2O3-8 wt. % CNT (A8C-SD) particle showing homogeneous 
dispersion of CNTs on surface. Inset shows low magnification image of spray dried 
agglomerate of each composition. 
CNT CNT
(a) 
(b) (c) 
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Figure 4.3: Particle size distribution of (a) Al2O3 (A-SD) spherical agglomerates (b) 
Al2O3-4 wt. % CNT (A4C-SD) spherical agglomerates (c) Al2O3-8 wt. % CNT (A8C-SD) 
spherical agglomerates. 
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Figure 4.4: Raman spectra of as-received CNTs and initial powder feedstock showing D 
and G peaks which corresponds to defect and graphitic structure of CNT. 
 
4.2 CVD Grown Nanotubes on Al2O3 Powder  
In this study CNT has been grown on “dense” Al2O3 powder and not on the “spray 
dried” Al2O3 powder (A-SD). This is attributed to following facts: (i) spray dried powder 
contains high amount of porosity (~30-40%) which might lead to inhomogeneous 
dispersion of CNT and (ii) porosity of spray dried powder can also affect the coating’s 
microstructure and properties. Ortega-Cervantez et al. [136] attempted to grow the CNT 
on porous Al2O3 via CVD technique and found that nanotubes did not grown inside the 
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pore. This was attributed to entrapped air inside the pores which prevents the catalyst 
particle to go inside the pore resulting in inhomogeneous dispersion of CNTs [136].   
 
Figure 4.5a shows the dense, sintered and crushed Al2O3 powder (size range: 15-45 
µm, 99.5% purity) which was used as the substrate to grow CNTs. Figure 4.5b is the high 
magnification SEM image of Al2O3 powder showing the shape of the powder which is  
angular and faceted with ridges on its surface. Figure 4.6 shows the in situ grown CNTs 
on dense Al2O3 powder for growth time of 22 mins.  This reveals that initial CNTs 
growth starts between the ridges present within each powder particle and subsequent 
growth continues on the entire powder surface. The preferred nucleation of CNTs 
between the ridges is attributed to possible higher retention of catalyst particles at the 
inter-ridge spacing which serve as localized crevices. Since, CNT length is critical for 
achieving the best splat- reinforcement and coating densification, 
 
 
 
 
 
 
 
 
Figure 4.5: (a) SEM images showing as-received dense, sintered and crushed Al2O3 
powder (b) High magnification SEM image showing shape of the powder.  
(a) (b) 
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Figure 4.6: CVD grown CNTs concentrated between the ridges of the Al2O3 powder 
particle. 
 
it has been optimized by adjusting the CNT growth time.  Figure 4.7 shows the SEM 
image of grown CNTs on Al2O3 particle at different growth time of 12 17 22 and 27 
minutes. As seen from Figure 4.7, higher CVD processing time leads to increased CNTs 
content and relatively long CNTs. Due to slow kinetics of CNT growth in CVD process, 
it is not feasible to individually control the “length” and “content” of CNTs in the Al2O3. 
CNT length has been plotted as a function of growing time (Figure 4.8) which shows that 
length of the CNTs successively increases with the growing time. Figure 4.8 also 
indicates that some of the CNTs are longer than as expected for shorter growth time. This 
might happen due to large volume of reaction chamber in which ethylene gas can remain 
be with a considerable partial pressure in the chamber even after the gas flow has been 
turned off. 
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Figure 4.7: High magnification SEM image showing grown CNTs on Al2O3 powder 
particle for growth time of (a) 12, (b) 17, (c) 22, and (d) 27 minutes. 
 
 
 
 
 
 
 
Figure 4.8: Length of in situ grown CNT as a function of CNT growth time. 
Growth time: 12 Growth time: 17 
Growth time: 22 Growth time: 27 
(a) (b)
(d)(c) 
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CNT growth time was optimized at 27 minutes. The length of CNTs achieved 
varied between 0.6-2 µm. The resulting Al2O3-CNT composite powder with a growth 
time of 27 minutes will be referred as ICP-1. CNT yield of 1.5 wt. % in the ICP-1 
powder was determined by combustion of ICP-1 powder at 1573 K.  
 
Figure 4.9a shows the HRTEM image of ICP-1 powder which shows the presence 
of CNTs and catalyst particles. Presence of metal catalyst embedded in the nanotube may 
create defects along the graphene walls which could ultimately affect the graphitization 
of CNT. Figure 4.9b is the HRTEM image of CVD grown CNTs which shows the fringe 
in each side of the tube indicating the individual cylindrical graphitic layer. Inset  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: (a) TEM image of CVD grown CNTs and catalyst particles in ICP-1 powder 
(b) HRTEM image of CVD grown CNTs showing 19±4 walls of graphitized carbon. 
Inset shows IFFT image of CNT with an interlayer spacing of 3.81Å for in situ grown 
CNT 
3.81 Å
(a) 
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image in Figure 4.9b is the Inverse Fast Fourier transformed (IFFT) image of CNT 
showing an interlayer spacing of 3.81 Å for CVD grown CNT. Average of six CNT 
samples showed that, CNT has approximately 19±4 walls of graphitized carbon. Figure 
4.10 shows the distribution of CNT diameter, which is in the range of 15-50 nm.  
Average diameter of CNT was found to be 30.4 ±7.6 nm.  
 
 
 
 
 
 
 
 
 
Figure 4.10:  Histogram showing the distribution in diameter of in situ grown CNTs. 
 
 
 
Figure 4.11 shows the Raman spectra for the ICP-1 powder in which D and G 
peaks corresponds to defect and graphitic structure of CNT. From this Raman spectrum, 
ratio of intensity of D and G peak was determined which was 1.56. Higher ID/IG ratio 
corresponds to lower degree of graphitization of CNT which might be due to presence of 
impurity (catalyst particle) or defect in CNT walls in the in situ grown CNTs.   
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Though CNTs can be uniformly dispersed via CVD technique, it has limitations of large 
scale synthesis of ICP-1 powder. In order to synthesize “high density” coating plasma 
process parameters should be optimized. Optimization of plasma process parameters 
requires large amount (e.g. 1-2 kg) of powder. Since CVD process cannot has a limitation 
of producing large amount of powder, Optimization of plasma process parameters were 
done only spray dried powder and not on the ICP-1 powder. Optimization of processing 
parameters is discussed in chapter 5. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 4.11: Raman spectra of ICP-1 powder showing the D and G peaks which 
corresponds to defect and graphitic structure of CNTs. 
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5. OPTIMIZATION OF PLASMA PROCESS PARAMETERS 
 
Plasma spraying involves myriad of process, equipment and powder parameters 
which has a direct effect on the coating properties [19, 20, 69-73]. Hence, there is a need 
of optimizing the plasma process parameters in order to achieve “dense” coating. The 
objective of the optimization of plasma process parameters  is to develop the process 
maps to understand the influence of “key processing parameters” on the thermal and 
kinetic energy of the particle that affect “porosity” and hence “mechanical properties” of 
the coating.  Effect of CNT content on the thermal and kinetic history of the particle in 
the plume is also investigated to obtain the coating with the lowest porosity. 
Development of process map for all three powders (A-SD, A4C-SD, and A8C-SD) has 
been discussed below. 
  
5.1 Process Map for A-SD Powder 
 
Figure 5.1 is the integrated process map for A-SD powder at 75 mm stand-off 
which correlates the plasma processing parameters (plasma power, feed rate and primary 
gas flow) with the particle state and effect of particle state on the coating’s porosity and 
microhardness. Figures 5.1a and b show the temperature and velocity of the A-SD 
particles at the 75 mm stand-off. The relative size of the legends in Figures 5.1-5.4 is 
proportional to the plotted characteristic i.e. temperature, velocity, porosity and 
microhardness.  It is observed that both particle temperature and velocity increased with 
the increasing plasma power. An increase in the primary (argon) gas flow rate showed 
marginal improvement in the temperature but has significant improvement on the 
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velocity.  As powder feed rate was increased, temperature and velocity of the powder 
particle dropped down.  The highest temperature (2745 K) and velocity (338 ms-1) of the 
A-SD powder was achieved at the highest plasma power (34 kW), highest primary gas  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Process map showing (a) temperature and (b) velocity distribution of in flight 
A-SD powder particle at 75 mm stand-off distance for various plasma processing 
parameters (c) Porosity and  (d) Microhardness distribution of A-SD coating at 75 mm 
stand-off at optimized plasma processing parameters. The size of the circle and diamond 
legend is proportional to the numerical value  
(a) (b) 
(c) (d) 
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flow rate (56.6 slpm) and at the lowest feed rate (3 g/min).  Porosity of the A-SD coating 
measured is shown in Figure 5.1(c). The lowest porosity of 4.2% was achieved at highest 
plasma power (34 kW), highest primary gas flow rate (56.6 slpm) and lowest feed rate (3 
g/min.). The reverse is true for the highest porosity (9.1%) at the lowest plasma power 
(30 kW), lowest primary gas flow rate (42.5 slpm) and the highest feed rate (6.2 g/min). 
Microhardness of all the free-standing coatings samples were measured and shown in 
Figure 5.1(d).  It should be noted that marginal difference in porosity of A-SD coating at 
30 kW (~4.2%) and 34 kW (~4.4%) at 75 mm stand-off distance (as shown in Figure 
5.1c) leads to ~12% improvement in hardness at higher plasma power. An increase in the 
hardness at higher power is attributed to (i) its exponential dependence on the porosity as 
shown in equation 5.1 [137] and (ii) improved intersplat bonding as a result of enhanced 
degree of melting of powder particle at higher plasma power.   
                                          )exp(0 aPHH                                                      (5.1) 
In equation 5,1,p is porosity, H0 is the hardness of fully dense material, H is the overall 
hardness of the porous material and a is the arbitrary constant. Further, a direct 
correlation between the highest hardness (1498 VHN) and the lowest porosity (4.2%) was 
found. A similar correlation exists for the lowest hardness (913 VHN) obtained at the 
highest porosity (9.1%) suggesting one-to-one mapping.  
 
A similar trend in the temperature and velocity of the in-flight particle was 
observed for A-SD powder at 100 mm stand-off, as seen in Figures 5.2a and b. It shows 
that stand-off distance has a significant effect on the particle state. Table 5.1 shows the 
comparative particles temperature and velocity, porosity and microhardness at the 
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optimized processing parameter (plasma power: 34 kW, primary gas: 56.6 slpm, feed 
rate: 3 g/min) for stand-off distance of 75 and 100 mm. Temperature and velocity of the 
powder particle achieved at the 100 mm stand-off is ~3% and ~8% lower respectively, 
than temperature and velocity of the powder particle at 75 mm stand-off. With increasing 
stand-off distance, porosity of the coating increased resulting in low hardness.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Process map showing (a) temperature and (b) velocity distribution of in flight 
A-SD powder particle at 100 mm stand-off for various plasma processing parameters (c)) 
Porosity and  (d) Microhardness distribution of A-SD coatings at 100 mm stand-off at 
optimized plasma processing parameters. The size of the circle and diamond legend is 
proportional to the numerical value. 
(d) (c) 
(a) (b) 
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Table 5.1: Particle characteristics and coating porosity for A-SD powder at optimized  
plasma process parameters for different stand-off distances. 
 
* Error in porosity data was found to be ±0.3 
 
5.2 Process Map for A4C-SD Powder  
As earlier explained for A-SD powder, same methodology has been adopted for 
developing the process map for A4C-SD powder. Figures 5.3a and b illustrate the 
temperature and velocity of the particle respectively, at 75 mm stand-off whereas Figures 
5.3c and d show the temperature and velocity of the particle at 100 mm stand-off. As the 
plasma power increased from 30 kW to 34 kW, both temperature and velocity of the 
particle increased. An increasing primary gas flow rate also increased the temperature 
and velocity of the in-flight particle. The higher feed rate of 6.2 g/min leads to lowering 
of the temperature and velocity due to larger mass in the plasma plume. The highest 
temperature and velocity of the particle achieved at 75 mm stand-off and 3 g/min feed 
rate is 2423 K and 319 m/s respectively. The temperature and velocity of the in-flight 
A4C-SD particle reduced to 2378 K and 281 m/s respectively for the higher stand-off 
(100 mm) at the same feed rate of 3 g/min. Figure 5.3 (e) and (f) represents the porosity  
 
 
 
 Temperature 
(K) 
Velocity 
(m/s) 
*Porosity % Hardness 
(VHN) 
Stand off: 75 mm 2745±9 338±0.6 4.2 1498±49 
Stand off : 100 mm 2665±11 311±0.8 7.9 1385±69 
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Figure 5.3: Process map showing (a) temperature and (b) velocity distribution of in flight 
A4C-SD powder particle at 75 mm stand-off for various plasma processing parameter (c) 
temperature and (d) velocity distribution of in flight A4C-SD powder particle at 100 mm 
stand-off for various plasma processing parameter (e) Porosity and (f) Microhardness 
distribution of A4C-SD coatings at both stand-off (75 mm & 100 mm) distances.
(b) (a) 
(d) 
(c) 
(e) (f) 
Stand off : 75 mm 
Stand off: 100 mm 
Both Stand off 
.2 .2
.2 .2
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and microhardness of A4C-SD coatings at both stand-off distances. Porosity increased 
from 3.59 % to 6.41 % on changing the stand-off from 75 to 100 mm for 34 kW plasma 
power and 56.6 slpm of primary gas flow rate. It should be recalled that feed rate was 
kept constant as 3 g/min. for synthesizing A4C-SD coatings for porosity measurement.  A 
direct correlation of one-to-one mapping between porosity and microhardness was also 
observed for A4C-SD coating.  
 
5.3 Process map for A8C-SD Powder 
Based on the results from A-SD and A4C-SD powders, it was observed that 
stand-off is the critical factor affecting the particle state in the plasma plume. Increasing 
stand-off distance leads to lower particle temperature and velocity. Hence, for the case of 
A8C-SD powder, lower stand-off distance (75 mm) was maintained.  Figures 5.4 (a) and 
(b) show the temperature and velocity of in-flight particle at 75 mm stand-off.  As the 
plasma power increased from 30 kW to 34 kW, both temperature and velocity of the 
particle increased. The same behavior is observed for increasing primary gas flow rate. 
Also, increasing the feed rate to 6.3 g/min leads to lowering of the temperature and 
velocity.  The highest temperature and velocity of the particle achieved at 75 mm stand-
off for 3.1 g/min feed rate is 2397 K and 314 m/s. Figures 5.4 (c) and (d) represent the 
porosity and microhardness of A8C-SD coatings at stand-off distance of 75 mm. Lowest 
porosity (3 %) was achieved at the highest plasma power (34 kW), highest primary gas 
flow rate (56.6 slpm) and lowest feed rate (3 g/min). Reverse is true for the highest 
porosity (6.4 %) i.e. lowest plasma power (30 kW), lowest primary gas flow rate (42.5 
slpm) and. highest feed rate (6.2 g/min). Higher hardness (1670 VHN) was achieved at  
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Figure 5.4:  Process map showing (a) temperature and (b) velocity distribution of in flight 
A8C-SD powder particle at 75 mm stand-off for various plasma processing parameter (c) 
Porosity and (d) Microhardness distribution of A8C-SD coating samples at 75 mm stand-
off. 
 
lowest porosity (3%) while lower hardness (1393 VHN) of the sample was obtained at 
highest porosity (6.4%) for A8C-SD coating Table 5.2 summarizes the porosity and 
hardness of all three coatings (A-SD, A4C-SD, A8C-SD coatings) at finally optimized 
plasma process parameters. Table-5.2 clearly indicates that, with increasing CNT content,  
 
(d) 
(c) 
(a) (b) 
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Table 5.2: Porosity% and hardness of all three optimized coatings 
 
 
 
 
 
 
 
*Error in porosity data was found to be ±0.3 
 
 
porosity in the coatings decreased while an improvement in the hardness of the coatings 
was observed. This suggests that CNTs has significant effect on thermal and kinetic 
history of in-flight particle which causes lower porosity with increasing CNT content. 
Effect of CNTs on the particle state has been discussed in next section. 
 
 
5.4 Effect of CNTs on the Particle State 
The microstructure of the plasma sprayed coatings is largely dependent on the 
temperature (degree of melting) and velocity (degree of flattening) of the in-flight 
particles. In addition to plasma process parameters, CNT content and degree of CNT 
dispersion in the feedstock powder also affects the thermal and kinetic history of the 
particle in the plume. Since agglomerate size distribution for three powders (A-SD is 30 
± 10 µm, A4C-SD is 26 ± 7 and A8C-SD is 24 ± 5 µm) is more or less similar, strong 
influence of CNTs in impacting the thermal exposure to the in-flight particle is observed 
in Table 5.3 and Figure 5.5. The reduction in the particle temperature and velocity with 
an increasing CNT content is plotted in Figure 5.5. Reduced thermal exposure of A4C-
SD and A8C-SD particle in the plasma plume can be understood with the help of 
schematic shown in Figure 5.6. Plasma plume has been divided in two zones.  Particles  
Coating Nomenclature *Porosity% 
Hardness 
(VHN) 
A-SD 4.2 1498±49 
A4C-SD 3.5 1606±54 
A8C-SD 3.0 1670±59 
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Table 5.3: Effect of CNTs on particle temperature and velocity at optimized processing   
 parameters for the lowest porosity. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Effect of CNTs content on in-flight particle (a) temperature and (b) velocity at 
finally optimized plasma processing parameter for the coatings with the lowest porosity. 
 
were internally injected and first experiences zone 1 in the plasma plume.  Zone 2 is 
identified as the location where in-flight sensor measures the temperature and velocity of 
the particle exiting the plasma plume. In zone 1, when both the powders (Al2O3 and 
Al2O3-CNT) were injected into the plasma plume separately, heat transfer from the 
plasma plume to powder agglomerate takes place. In the case of Al2O3-CNT 
agglomerates, due to excellent thermal conductivity of CNTs (~3000 W/m-K) as 
compared to Al2O3 (~36 W/m-K) [4], heat transfer occurs from the reinforcement to the 
 Temperature (K) Velocity (m/s) 
A-SD 2745±9 338±0.66 
A4C-SD 2423±14 319±0.79 
A8C-SD 2397±12 314±0.84 
(a) (b)
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ceramic matrix which improves the melting of the powder particle in the plume. 
However, in case of zone 2, there is heat loss associated with the molten powder particle 
due to thermal heat radiation (Equation 5.2). In the case of Al2O3-CNT particles, 
radiation heat loss arising from the dispersed CNTs dissipates heat rapidly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Heavy radiation loss of CNT arises because of its high emissivity (0.98) compare to 
radiation loss of Al2O3 particle (emissivity 0.4) [4, 29]. 
Figure 5.6: Schematic of in-flight particle and corresponding heat transfer phenomena in two   
                  different zone of plasma plumes for Al2O3 and Al2O3-CNT powder agglomerates.  
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4 TT
A
q                                                      (5.2) 
         
                                            here,  T         = hot body’s temperature (K) 
                                               T0       = surroundings temperature (K) 
                                               A        = area of hot body (m2) 
                                               σ         = 5.6703 10-8 (W/m2K4) 
                                               ε          = 0.98 (graphite) 
                                               ε          = 0.4 (Al2O3) 
 
 
Further, CNTs located inside the hollow A4C-SD agglomerate  ‘soaks’ the heat 
acquired by the CNTs on surface of the agglomerate and hence, lowers the thermal 
exposure (2423 K, ΔT = -322 K ) of the particles compared to the A-SD in-flight particle. 
Though higher CNT content in A8C-SD powder can slightly increase the surface 
temperature, but uniform CNT distribution inside the particle also increases and hence, 
heat extraction rate also increases, resulting in slight lowering of the temperature (2397 
K, ΔT = -348 K  ) of the A8C-SD particle compared to A-SD particles. 
 
 Velocity of the in-flight particles was also reduced with increasing the CNTs 
content which is relatively complex phenomena. Since the mass of the Al2O3-CNT 
agglomerate is lower (density of CNT is 2.1 g/cm3) than Al2O3 agglomerate, it is 
expected that particle velocity will be more for Al2O3-CNT agglomerate. On the contrary, 
due to their hollow tubular structure, CNTs will provide a larger drag resistance as 
compared to solid particle resulting in lower velocity of Al2O3-CNT particle.  It may be 
possible that drag resistance of CNTs dominate, resulting in lower velocity of Al2O3-
CNT particles. Overall, velocity effect is complex and not completely understood. 
Similar results were observed by Balani et al. [4], who developed the preliminary process 
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map for Al2O3-CNT nanocomposite coating and found that CNTs has significant effect in 
lowering the temperature and velocity of the particle in plasma plume. Reduced thermal 
exposure of the particle as a result of CNT content and its uniform dispersion indicates 
that higher plasma power is required to melt the Al2O3 particle and to obtain thick 
coatings from A4C-SD and A8C-SD powder. However, as shown in Figure 5.6 (Zone-2), 
some part of lost heat by CNTs will also be transferred to Al2O3 particle resulting 
enhanced degree of melting of the powder. This might be the one of the reasons why 
dense and thick CNT reinforced-Al2O3 coatings were achieved at the same optimized 
plasma power i.e. at 34kW. Though lower temperature and velocity of in-flight A4C-SD 
(ΔT = -322 K, Δv = −19 m/s) and A8C-SD (ΔT = -348 K, Δv = −24 m/s) particle was 
observed as compare to A-SD particle, slightly lower porosity were achieved for A4C-SD 
(-0.7%) and A8C-SD (-1.2 %) coatings. Other reason is attributed to the uniform 
dispersion of CNT in the agglomerates (as shown in Chapter-4, Figure 4.2) which causes 
uniform melting and intersplat void filling (as shown in Figure 5.7).  
 
Thus, it becomes clear how plasma process parameters and degree of CNT 
content and its dispersion in Al2O3 affect the thermal and kinetic state of in-flight 
particles. However, still it is not clear that which plasma parameters have most significant 
effect on the porosity of coating.  In order to rank the significance of different plasma 
processing parameters, empirical model for porosity has been developed. It is envisaged 
that such approach would improve the reproducibility of dense Al2O3-CNT composite 
coatings. Details of empirical model for porosity are discussed in the next section. 
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Figure 5.7: High magnification SEM image of fracture surface of (a) A4C-SD coating 
and (b) A8C-SD coating showing CNT residing in intersplat voids. 
 
5.5 Empirical Models for Porosity 
The porosity data of plasma sprayed A-SD, A4C-SD and A8C-SD coatings was 
utilized to create an empirical model. Based on 16 porosity data points of A-SD coating, 
a linear regression equation was fitted which provided the relationship between response 
parameters (porosity) and the control factors (plasma processing parameters). The data 
was first normalized i.e. each of the processing parameters (Plasma power, Feed rate, 
primary gas flow rate, stand-off distance) was divided by its own highest value. This 
allows data on different scales to be compared, by bringing them to a common scale. As 
an example, Table 5.4 is the porosity data with respect to plasma process parameters for 
A-SD coating at 75 mm and 100 mm stand-off distance which is normalized and shown 
in Table-5.5.  
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Power 
(kW) 
Primary gas 
(Slpm) 
Feed rate 
(g/min.) 
Stand off 
(mm) 
Porosity 
% 
30 42.5 3 100 11.13 
30 42.5 6 100 12.30 
30 56.6 3 100 9.52 
30 56.6 6 100 10.05 
34 42.5 3 100 8.45 
34 42.5 6 100 8.86 
34 56.6 3 100 7.94 
34 56.6 6 100 9.69 
30 42.5 3 75 6.12 
30 42.5 6.2 75 9.15 
30 56.6 3 75 4.45 
30 56.6 6.2 75 7.85 
34 42.5 3 75 4.77 
34 42.5 6.2 75 8.77 
34 56.6 3 75 4.20 
34 56.6 6.2 75 5.43 
Power(kW)/34 
kW 
Primary gas 
(slpm)/56.6 slpm 
Feed rate 
(g/min)/6.2 
g/min 
Stand off 
(mm)/ 100 
mm 
Porosity 
% 
0.882 0.751 0.484 1.000 11.13 
0.882 0.751 1.000 1.000 12.30 
0.882 1.000 0.484 1.000 9.52 
0.882 1.000 1.000 1.000 10.05 
1.000 0.751 0.484 1.000 8.45 
1.000 0.751 1.000 1.000 8.86 
1.000 1.000 0.484 1.000 7.94 
1.000 1.000 1.000 1.000 9.69 
0.882 0.751 0.484 0.75 6.12 
0.882 0.751 1.000 0.75 9.15 
0.882 1.000 0.484 0.75 4.45 
0.882 1.000 1.000 0.75 7.85 
1.000 0.751 0.484 0.75 4.77 
1.000 0.751 1.000 0.75 8.77 
1.000 1.000 0.484 0.75 4.20 
1.000 1.000 1.000 0.75 5.43 
Table 5.4: Porosity data with respect to plasma process parameters for A-SD coating 
at 75 mm and 100 mm stand-off 
Table 5.5: Normalized” porosity data with respect to plasma process parameters for  
A-SD coating at 75 mm and 100 mm (for regression analysis) 
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Regression analysis using SPSS software was done on the normalized data and 
empirical equation for porosity % was developed. Normalization of the each of the 
processing parameters was done so that relative importance of each term in the empirical 
model can be accurately judged.  
 
For the A-SD coating, equation is given by: 
                                   
                                  Porosity (%) = 10.217 – 13.141 * Power 
                                                                      – 5.185   * Primary gas  
                                                                      + 3.852   * Feed rate   
                                                                      + 13.544 * Stand off                                 (5.3) 
 
The resulting equation has a coefficient of determination (R2) of 0.88. Similarly, based on 
12 porosity data points of A4C-SD coating, an empirical equation is given by, 
 
                                 Porosity % = 15.259 – 14.139 * Power  
                                                                   –  8.066  * Primary gas  
                                                                   + 14.827 * Stand-off                                   (5.4) 
 
Equation 5.4 has a coefficient of determination (R2) of 0.93.  
 
Further, based upon 8 porosity data points of A8C-SD coating, empirical relation is given 
by equation 5.5, which has a coefficient of determination (R2) of 0.98.  
 
                                  Porosity % = 11.713 – 6.375 * Power  
                                                                   – 3.633 * Primary gas 
+ 3.022 * Feed rate                                      (5.5)  
Here, all parameters are normalized and coefficients are given in the equation. In 
order to see the relative importance of the processing parameters, the coefficient of 
empirical equations 5.3, 5.4 and 5.5 were plotted in Figure 5.8a, b and c respectively. 
Figures 5.8a-c are Pareto diagrams where positive and negative sign of the coefficients  
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Figure 5.8: Pareto diagram showing the effects of process parameters on porosity of (a) 
A-SD coating (b) A4C-SD coating at constant feed rate (c) A8C-SD coating at constant 
stand-off distance. 
R2 = 0.93 R
2=0.98
(a) 
(b) (c)
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indicates the nature of the effect and absolute value shows the extent of dominance on the 
porosity Pareto analysis is a statistical tool for identifying the variables which has most 
significant effect on the entire process. It works on 80/20 rule i.e. 80% of the effect is 
dominated by 20% causes [138]. Hence, Pareto analysis enables selection of the most 
effective plasma processing variable that would impact porosity of the coating.  
As shown in Figure 5.8a, the stand-off and feed rate are on the positive side 
whereas plasma power and primary gas flow are on the negative side. This suggests that 
with the increase in stand-off and feed rate, porosity of the coating will increase while the 
increase in plasma power and primary gas flow rate will result in porosity decrease. The 
most critical parameter which affects the porosity in A-SD coating was stand-off distance 
with the positive and highest value of the coefficient (+13.544). The regression analysis 
using SPSS software indicated that stand-off distance is significant at 99.9% confidence 
level.   The second most important parameter affecting the porosity is plasma power and 
is significant at 99.1% confidence level.  Primary gas flow rate and feed rate are ranked 
third and fourth, to affect the porosity of the coating.  
 
Similarly, in case of A4C-SD, Pareto diagram indicates that with the increase in 
stand-off distance, porosity of the coating increases while an increase in primary gas flow 
rate and plasma power causes a decrease in the porosity.  The most sensitive parameter 
which affects the porosity was stand-off distance (Figure 5.8 (b) and is significant at 
99.9% confidence level.  The second most important parameter which affects the porosity 
of the free-standing coating sample is plasma power and is significant at 99.6% 
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confidence level. Primary gas flow rate is ranked last in terms of its sensitivity on the 
porosity of A4C-SD coating. Since powder feed rate was kept constant for synthesizing 
the A4C-SD coating, this has not been included in Pareto analysis.  
 
Similarly, stand-off was kept constant in case of A8C-SD powder, Pareto diagram 
includes only feed rate, primary gas flow rate and plasma power (as shown in Figure 5.8 
(c). Plasma power was found most critical parameter which affects the porosity and is 
significant at 99.6% confidence level. The second most important parameter which 
affects the porosity of the A8C-SD is primary gas flow rate which is significant at 99.8% 
confidence level.  Since feed rate was kept constant for A4C-SD coating, Pareto analysis 
for A-SD and A8C-SD coatings indicates that feed rate is less sensitive than other chosen 
parameter.  Hence there is less variation in the porosity of the coating due to the feed rate. 
However, lower porosity of the coating may be obtained at very low feed rate i.e. 1 g/min 
but that would not be economical process unless coating required is very thin ~ 25-50 
μm. In the present case, coating thickness is ~ 400 μm and deposition time was between 
4-5 minutes.  
 
The most critical parameter which affects the porosity of A-SD and A4C-SD 
coatings was stand-off distance for (stand-off was same and kept constant the A8C-SD 
coating). A higher stand-off distance results in reduce impact velocity at the substrate and 
hence lower degree of flattening. In addition, longer flight time may also cause 
resolidification of molten droplets before reaching the substrate.  These conditions 
ultimately lead to high porosity and hence degrade the hardness of the coating.  A shorter 
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stand-off distance than 75 mm would result in overheating and oxidation of the substrate 
in addition to bounce back of molten particles. Azarmi et al. [139] carried out the 
optimization of atmospheric plasma spray process parameters using a design of 
experiment for Ni-based superalloys and found stand-off as the most critical parameter 
which affects the density of the coating. Pareto analysis revealed the sensitivity of 
individual process parameters on porosity of different coatings and hence provided the 
approach for further refining of the process parameters in order to produce a coating with 
specific density and microstructure.   
 
It is recalled that optimization studies were carried out only on the spray dried 
powder and not ICP-1 powder due to limited availability of ICP-1 powder. The 
optimized plasma process parameters were used for synthesizing the coatings from 
ICP-1 powder as well as spray dried powder. Details of the microstructural 
characterization of synthesized coatings from both types of powders are summarized in 
chapter 6.  
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6. MICROSTRUCTURE OF Al2O3-CNT COMPOSITE COATING 
 
Plasma sprayed Al2O3-CNT composite coatings were synthesized from spray 
dried powder and in situ CVD powder (ICP-1 powder). Optimized plasma process 
parameters shown in Table 6.1, have been used for synthesizing Al2O3-CNT coatings 
from both spray dried and ICP-1 powders. Microstructural details of coatings are 
discussed in the following section.  
 
                Table 6.1: Optimized plasma process parameters using spray dried powder 
 
 
6.1 Coatings Synthesized using Spray Dried Al2O3-CNT Powder 
 
Two sets of the coatings were synthesized using spray dried powder: (i) coating 
synthesized at the optimized plasma process parameters with the “lowest” porosity (will 
be referred as high density (HD) coating) and (ii) Coating synthesized at those plasma 
process parameters which showed “highest” porosity (will be referred as low density 
(LD) coating). Two different plasma parameters were used in order to understand the 
effect of porosity on coating’s mechanical properties (hardness, elastic modulus, fracture 
toughness, and wear resistance). The plasma processing parameters utilized for both (i.e. 
lowest and highest porosity) coatings are tabulated in Table 6.2.  
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the substrate 
 
Powder feed 
rate (gram/min.) 
850 40 56.6 59.5 75 3 
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Table 6.2: Plasma spray parameters for synthesis of Al2O3-CNT coatings with lowest and 
highest porosity. 
 
 
Figure 6.1 shows the plasma sprayed HD and LD coatings on steel substrates. The 
HD coating containing 0 wt.% CNT, 4 wt.% CNT, 8 wt.% CNT will be referred as HD-
A-SD, HD-A4C-SD, and HD-A8C-SD respectively whereas LD coating containing 0 
wt.% CNT, 4 wt.% CNT, 8 wt.% CNT will be referred as LD-A-SD, LD-A4C-SD, and 
LD-A8C-SD respectively. It is observed that with increasing CNT content, the color of 
the coating becomes darker. Figures 6.2a, b, and c show the cross-sectional view of HD-
A-SD, HD-A4C-SD and HD-A8C-SD coatings respectively.  Figures 6.2d, e, and f show 
the cross-sectional view of LD-A-SD, LD-A4C-SD, and LD-A8C-SD coatings 
respectively. Thicknesses of HD and LD coatings were in range of 400-450 µm.  The 
coatings were uniform and adherent to the substrate. Porosity of HD and LD coatings was 
measured using Archimedes principle using water as the medium. The porosity content of 
Plasma process parameters for synthesizing “lowest porosity” coating 
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the substrate 
 
Powder feed 
rate 
(gram/min.) 
850 40 56.6 59.5 75 3 
Plasma process parameters for synthesizing “highest porosity” coating 
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the substrate 
 
Powder feed 
rate 
(gram/min.) 
750 40 42.5 59.5 75 3 
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the coatings is tabulated in Table 6.3. It is observed that CNT reinforced coating has 
slightly lower porosity in both HD and LD coatings. The reason for lower porosity with 
higher CNT content is explained in section 5.4.   
 
 
 
 
 
 
 
 
 
 
Figure: 6.1 Plasma sprayed high density (HD) and low density (LD) coating on an AISI 
1020 steel coupon of size 100 x 19 x 3 mm3. Marks at the both end of coating (as shown 
in figure) is due to fixture. 
 
 
Retention of CNTs in plasma sprayed coatings was validated by Raman 
spectroscopy. Figure 6.3 shows the Raman spectra collected from the initial powder and 
CNT containing LD and HD coatings. Presence of D peak at 1350 cm-1 (corresponds to 
disordered graphite) and G peak at 1570 cm-1 (corresponds to stretching mode of 
graphite) confirms the retention of CNT structure in coatings. 
Clamp mark (Uncoated steel substrate) 
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Figure 6.2: SEM image showing cross-sectional view of plasma sprayed (a) HD-A-SD 
coating (b) HD-A4C-SD coating (c) HD-A8C-SD coating (d) LD-A-SD coating (e) LD-
A4C-SD coating (f) LD-A8C-SD coating. Thickness of all the synthesized coatings are in 
range of 400-450µm. 
HD-A-SD Coating 
HD-A4C-SD 
HD-A8C-SD Coating 
LD-A-SD Coating 
LD-A4C-SD Coating 
LD-A8C-SD Coating 
Substrate Substrate 
Substrate 
Substrate Substrate 
Substrate 
(a) 
(b) 
(c) 
(d)
(e) 
(f) 
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Table 6.3: Porosity (%) of HD and LD plasma sprayed coatings 
 
 
 
 
 
 
 
 
 
 
             *Error in porosity data was found ±0.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Raman spectrum of as received powder and plasma sprayed HD and LD 
coatings showing retention of CNTs in the coatings. 
 
*Porosity % 
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 HD Coating 4.2% 3.5% 3.0% 
LD Coating 6.1% 5.6% 4.7% 
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Table 6.4 shows the peak position (cm−1) and ratio of intensity (ID/IG) of D and G 
peaks for A4C-SD and A8C-SD powders and high and low density coatings. . The 
intensity ratio of Raman peaks (ID/IG ratio) of powder and coatings obtained after plasma 
spraying are almost similar which indicates that there is no defect generation in the CNT 
structure.  Both peaks show a slight shift towards higher wave number for CNT 
reinforced HD and LD coatings. The shift in the Raman spectrum of CNT has been 
correlated with tensile and compressive stress in nanotube [35, 140]. Tarantili et al. 
reported that position and full width at half-maximum (FHWM) of the Raman peak are 
sensitive to the strain present in the sample [140]. A shift towards larger wave numbers is 
observed if the sample is subjected to compression [140] . Shift of D and G peak towards 
higher wave number in case of plasma sprayed coating indicates the compressive force in 
CNTs, which may have developed due to solidification shrinkage of Al2O3. No 
experiments were done to measure the stress in the coatings.  
 
 Table 6.4: Position and ratio of intensity of D and G peaks obtained from Raman 
Spectroscopy of CNT reinforced powder (A4C-SD & A8C-SD) and coating (LD and 
HD).   
 
Sample Position of D peaks Position of G peaks ID/IG 
A4C-SD Powder 1345 1570 0.853 
HD-A4C-SD coating 1356 1582 0.849 
LD-A4C-SD coating 1356 1582 0.886 
A8C-SD Powder 1345 1570 0.931 
HD-A8C-SD coating 1356 1582 0.935 
LD-A8C-SD coating 1356 1582 0.957 
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SEM was further carried out on the fracture surface of CNT reinforced HD and 
LD coatings. Figures 6.4a-b show the fracture surface of HD-A4C-SD and HD-A8C-SD 
coating respectively whereas Figures 6.4c-d are  the fracture surfaces of LD-A4C-SD and 
LD-A8C-SD coatings respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: SEM image of fracture surfaces of (a) HD-A4C-SD coating (b) HD-A8C-SD 
(c) LD-A4C-SD coating (d) LD-A8C-SD coating showing CNTs in the Al2O3 matrix.  
 
HD-A4C-SD 
HD-A8C-SD LD-A8C-SD 
LD-A4C-SD (a) 
(b
(c)
(d
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It is observed that CNTs are dispersed within Al2O3 splats. No agglomeration of CNTs 
was observed even for higher 8 wt. % of CNTs.  It is expected that dispersed CNTs in the 
Al2O3 matrix will result in improving the fracture toughness and wear resistance of 
coatings. Al2O3-CNT coating was also synthesized using ICP-1 powder which is 
explained in the next section.  
 
 
6.2 Coating Synthesized using CVD Al2O3-CNT (ICP-1) Powder 
 
This coating was synthesized using optimized plasma process parameters which 
produced lowest porosity coating from spray dried powder.  Due to lack of large amount 
of ICP-1 powder, plasma process parameters were not optimized for ICP-1 powder. 
Coating synthesized using ICP-1 powder will be referred as ICP-1 coating. Figure 6.5 
shows the as-sprayed Al2O3 and ICP coatings. Similar to spray dried coating, color of 
ICP-1 coating also becomes darker due to CNT presence.  Figures 6.6a and b show the 
cross-sectional view of Al2O3 and ICP-1 coatings, respectively. Coatings have a uniform 
thickness of 400 µm and are adherent to the substrate. Figure 6.7 shows the fracture 
surface of ICP-1 coating. It is observed that CNTs are dispersed in Al2O3 matrix. The 
measured porosity value for Al2O3 coating is ~6% (theoretical density: 3.99 g/cm-3), 
while it is ~4% for ICP-1 (theoretical density: 3.93 g/cm-3) coating. The lower porosity of 
ICP-1 coating is attributed to enhanced degree of melting of Al2O3 powder particle.  
Higher degree of melting in ICP-1 coating is attributed to excellent thermal conductivity 
of CNTs (~3000 W/m-K) [4] and its uniform dispersion on the Al2O3 powder surface.  
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        Figure: 6.5 Digital picture of plasma sprayed Al2O3 and ICP-1 coating 
 
 
 
Figure 6.6 SEM image showing (a) cross-sectional view of plasma sprayed Al2O3 coating 
and (b) cross-sectional view of plasma sprayed ICP-1 coating  
 
 
ICP-1 Coating 
Al2O3 Coating 
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Mechanism for relatively lower porosity in CNT-reinforced coatings has already been 
explained in section 5.4 of this dissertation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: SEM image showing fracture surface of ICP-1 coating showing dispersed 
CNTs in the coating. 
 
 
Figure 6.8 shows the Raman spectra for the ICP-1 powder and ICP-coating. ID/IG 
ratio was calculated for ICP-1 powder and coating which has been tabulated in Table 6.5. 
The presence of G peak confirms the retention of undamaged CNTs in the plasma 
sprayed ICP-1 coating. The ID/IG ratio for starting ICP-1 powder is 1.56 which decreased 
to 0.98 for plasma sprayed ICP-1 coating (Table 6.5).  Reduction in ID/IG ratio indicates 
the higher degree of graphitization of CNTs in the ICP-1 coating.  Several studies have 
confirmed the purification and graphitization of CNTs at high temperature [7, 141-144].  
ICP-1 Coating 
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Huang et al. [143] performed high temperature (2000°C) annealing of CNT and found 
that purity  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Raman spectrum of CVD Al2O3 powder and ICP-1 coating.  Raman peaks 
suggest retention of CNTs and enhanced graphitization in the ICP-1 coating. 
 
 
Table 6.5: Position and ratio of intensity of D and G peaks obtained from Raman 
Spectroscopy of ICP-1 powder, ICP-1 coating 
 Sample Position of D peaks Position of G peaks ID/IG 
ICP-1 Powder 1350 1594 1.56 
ICP-1 Coating 1353 1589 0.98 
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of CNT increased resulting higher degree of graphitization. Figure 6.9a shows the CVD 
grown CNT with the catalyst particle in ICP-1 powder while Figure 6.9b shows the 
retained CNT in ICP-1 coating after plasma spraying. Inset image in Figure 6.9a is the 
IFFT image of CNT indicating the interlayer spacing of 3.86 Å for CVD grown CNT 
which decreased to 3.58 Å (inset image of Figure 6.9b) for the CNT in plasma sprayed 
ICP-1 coating.  
 
Figure 6.9: HRTEM images of (a) CVD grown CNT with catalyst particle in ICP-1 
powder. Inset IFFT image shows the interlayer spacing between the CNT walls is 3.86 Å 
(b) CNT in plasma sprayed ICP-1 coating. Inset IFFT image shows the interlayer spacing 
between the CNT walls decreased to 3.58 Å.  
 
To see the reproducibility in graphene wall’s contraction, six samples were 
observed for ICP-1 powder. Similarly, six samples were observed for ICP-1 coating. All 
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samples exhibited contraction in the graphene wall spacing after the plasma spraying of 
ICP-1 powder. The average value of graphene wall spacing for CNTs in ICP-1 powder is 
3.81± 0.06 Å while it was 3.48± 0.10 Å for CNTs in ICP-1 coating. A similar reduction 
in the interlayer spacing between the CNT walls (from 3.450 Å to 3.414 Å) was observed 
on increasing the annealing temperature from 1700°C to 2200°C [142]. This behavior is 
attributed to the diffusion of carbon atom at high temperature which causes growth of the 
graphene sheet. The growth of graphene sheet decreases the bulk surface area of the 
nanotube and ultimately decreases its free energy. To further minimize the free energy, 
interlayer spacing between the graphene layer contracts due to release of strain energy 
from highly curved sheet. Hence there is refinement of the graphene shell which 
ultimately leads to enhanced graphitization of CNT in ICP-1 coating. It is also observed 
nano-size catalyst particles are not present on the CNT surface in ICP-1 coating, which 
indicates possible sublimation of the catalyst in high temperature plasma and further 
refinement of the CNTs (Figure 6.9b).  
 
Purification and graphitization of CNT was not observed in case of spray dried 
coating after plasma spraying. This is attributed to lower defect ratio of CNT in A4C-SD 
and A8C-SD powder which has a ID/IG ratio of 0.85 as compared to ICP-1 powder which 
has a high ID/IG ratio of 1.56. . Due to presence of high defect ratio of CNT in ICP-1 
powder, there is a higher probability of purification at higher temperature as compared to 
CNTs in A4C-SD or A8C-SD powder which has a smaller defect ratio. 
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It is expected that uniformly dispersed CNTs in Al2O3 coatings synthesized from 
spray dried and ICP-1 powders will result in higher fracture toughness of coatings. 
Fracture toughness of coating has been discussed in next chapter. 
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 7. FRACTURE TOUGHNESS OF COATINGS 
 
7.1 Fracture Toughness of Coatings Synthesized from Spray Dried Powder 
Fracture toughness of HD and LD coatings were measured using Anstis equation 
(as shown in Equation 7.1) [135], 
                                                         
2/3
2/1
c
P
H
EKc 

                                                 (7.1) 
 
P is the applied load, E is the elastic modulus, H is the Vickers hardness, c is the radial 
crack length (measured from center of indent), and χ (=0.016) is the calibration constant. 
For calculating the fracture toughness of the coating, elastic modulus of the coating was 
measured using nanoindentation technique in which elastic moduli of HD and LD 
coatings were mapped using nano dynamic mechanical analyzer (nano DMA). During 
modulus mapping in nanoDMA mode, a quasi static load (3 µN) is applied to berkovich 
tip with a dynamic load of 0.5 µN at a fixed frequency (200 Hz). Dynamic load is then 
analyzed to measure the amplitude and phase shift of the original signal. Equation of 
motion for sinusoidal force (F0) can be given as (Equation 7.2)  
                                kxxCxmtF  sin0                 (7.2) 
where m is the mass of sensor, k is the stiffness, and C is the damping of the system. 
Displacement response is given as: 
                                     )sin(   tXx                                                       (7.3) 
Solution to the differential equation is as following: 
                         
222 )()(  Cmk
F
X o

 , and                                              (7.4) 
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rearranging above equations, k and C can be found by: 
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Storage modulus (E’) and loss modulus (E”) can be calculated as following: 
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where, Ac is the contact area, which is dependent on the contact depth. Contact depth of 
the indenter is described through tip area function during instrument calibration. 
 
Wide area (5μm x 5 μm) was selected for modulus mapping in order to see the 
role of CNT content and dispersion in contribution towards improved modulus of the 
plasma sprayed coatings.  Instead of complex modulus, storage modulus has been taken 
as direct representative of the elastic modulus considering insignificant plastic 
deformation in ceramics. The storage modulus histograms from an average of 50,000 
tests for HD and LD coatings are shown in Figure 7.1. Figures 7.1a-c show the storage 
modulus histograms for HD-A-SD, HD-A4C-SD, HD-A8C-SD coatings respectively. 
Figures 7.1d-f shows the storage modulus histograms for LD-A-SD, LD-A4C-SD,  
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LD-A8C-SD coatings respectively. Compared to HD coatings, the average elastic 
modulus of LD coatings shifted towards lower values which 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1: Storage modulus distribution for (a) HD-A-SD (b) HD-A4C-SD (c) HD-A8C-
SD (d) LD-A-SD coating (e) LD-A4C-SD coating (f) LD-A8C-SD coating  
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 is attributed to relatively higher porosity content in LD coatings (Table 6.1) as compared 
to HD coatings. Comparing among HD coatings, the average modulus for both CNT 
reinforced coating shifted to higher value than HD-A-SD coating, showing the 
reinforcement effect of dispersed CNTs.  Higher average modulus of HD-A8C-SD (~227 
GPa) coating than HD-A4C-SD coating (~180 GPa) is due to higher CNT content.  
Similar results are obtained for LD coatings. The increase in elastic modulus of CNT 
reinforced coatings is attributed to three major factors (i) higher elastic modulus of CNT 
(~1 TPa) [4, 7, 8, 26, 31, 38] (ii) homogeneous dispersion of CNT in the matrix ( (iii) and 
relatively lower porosity in the coating (Table 6.3). Localized high values of modulus are 
attributed to the presence of CNTs at that location. The average value of elastic modulus 
for all coatings is tabulated in Table 7.1, which has been used for computing the fracture 
toughness. 
 
Table 7.1: Average elastic modulus of HD and LD coatings obtained from 
nanoindentation technique in modulus mapping mode. 
 
 
 
 
 
 
 
 
 
Fracture toughness was calculated using indentation cracking technique. Vickers 
indentation at 4 kg load was performed to develop the cracks in the coatings.  Figures 
7.2a-c show the Vickers indentations on the cross-section of HD-A-SD, HD-A4C-SD,  
Elastic Modulus (GPa) of coatings 
 A-SD A4C-SD A8C-SD 
HD Coating 170±90 203±79 227±76 
LD coating 129±70 173±74 180±78 
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Figure 7.2: SEM image of Vickers indent at 4 kg load for (a) HD-A-SD, (b) HD-A4C-
SD, (c) HD-A8C-SD, (d) LD-A-SD, (e) LD-A4C-SD, and (f) LD-A8C-SD coatings. All 
coatings showed radial cracks except HD-A8C-SD coating.  
HD-A-SD LD-A-SD 
LD-A4C-SD HD-A4C-SD 
LD-A8C-SD HD-A8C-SD 
(a) 
(b) 
(c) 
(d)
(e) 
(f) 
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 and HD-A8C-SD coatings respectively. Figures 7.2d-f shows the Vickers indentations 
on the cross-section of LD-A-SD, LD-A4C-SD, LD-A8C-SD coatings respectively. It is 
clearly seen in Figure 7.2 that large cracks developed in all LD coatings as compared to 
all HD coatings. No cracks were observed for HD-A8C-SD coating in Figure 7.2c. Indent 
edges  in HD-A8C-SD coating were further magnified to observe if fine cracks developed 
in the coating.  Figure 7.3 shows the high magnification SEM image of the indent corner 
on the cross section of HD-A8C-SD coating which shows a very fine radial crack 
(encircled).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3: High magnification SEM image of Vickers indent at 4 kg load for (a) HD-A-
8C-SD coating showing fine radial crack. 
 
HD-A8C-SD 
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This is a clear indicator of the highest toughness of HD-A8C-SD coating. Table 
7.2 summarizes the Vickers microhardness of HD and LD coatings. The relative 
improvement in microhardness value for HD coatings as compared to corresponding LD 
coatings of the same composition is attributed to lower porosity in HD coatings.  
 
Table 7.2: Vickers microhardness of the HD and LD coatings 
 
Comparing among HD coatings, there is ~7% and ~11% increase in the 
microhardness of HD-4C-SD and HD-A8C-SD coatings respectively as compared to HD-
A-SD coating. Similarly, there is ~12%, and ~22% increase in the microhardness of LD-
A4C-SD and LD-A8C-SD coatings respectively as compared to LD-A-SD coating. 
Improvement in the microhardness in CNT reinforced HD and LD coatings is attributed 
to the enhanced indentation resistance by presence of CNTs. Microhardness values listed 
in Table 7.2 have been used for calculating the fracture toughness of coating.  
 
 
Fracture toughness values of HD and LD coatings are presented as bar chart in 
Figure 7.4. Fracture toughness of HD-A-SD, HD-A4C-SD and HD-A8C-SD coatings 
improved by 38, 36% and 73% respectively as compared to corresponding composition 
Microhardness (VHN) of HD and LD Coatings 
 A-SD A4C-SD A8C-SD 
HD Coatings 1498±62 1606±53 1670±41 
LD Coatings 1198±79 1345±59 1456±67 
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among LD coatings. Highest improvement (~73%) in fracture toughness of HD-A8C-SD 
coating is attributed to the lowest porosity (~3%) in the coating. Equation 7.10 shows the 
exponential dependence of fracture toughness on the porosity [145].  
                                                               bpICdIC eKK
                                               (7.10) 
 
KIC is the fracture toughness (MPa.m1/2), KICd is the fracture toughness for fully dense 
material, p is the apparent porosity in the material and b is the material constant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4: Fracture toughness of HD and LD coatings calculated using indentation 
cracking technique. 
 
LD Coating 
HD Coating 
 127
High and low density coatings exhibit improvement in the fracture toughness with 
an increasing CNT content. Among HD coatings, fracture toughness of HD-A8C-SD 
coating displayed tremendous improvement (~338 %) as compared to HD-A-SD coating. 
Among LD coatings, fracture toughness fracture toughness of LD-A8C-SD coating 
improved by ~251 % as compared to LD-A-SD coating. Several attempts have been 
made for enhancing the fracture toughness of Al2O3 by reinforcement of CNT. . Siegel et 
al. [36] reported that addition of 10 vol. % CNT to monolithic Al2O3 could lead to 24% 
increase in fracture toughness value while Zhang et al. [58] reported the 21.1% increase 
in fracture toughness by reinforcing 7.39 wt. % CNT to Al2O3.  Balani et al. [4] from our 
research group showed improvement of 57% in fracture toughness by 8 wt. % CNT 
addition to Al2O3. However, synthesized Al2O3-8 wt. % CNT coating in their study was 
94% dense [4]. In the present work the relative density of HD-A8C-SD coating is 96.5%, 
which has been achieved by optimizing the plasma processing parameters. 
 
  Significant improvement in the fracture toughness of CNT reinforced coatings is 
attributed to combined effect of lower porosity and excellent dispersion of CNTs in the 
Al2O3 matrix that promotes toughening mechanisms. SEM investigation inside the 
indentation crack elucidates the toughening mechanisms offered by CNTs. Figures 7.5a-b 
are  high magnification SEM images within cracks of HD-A4C-SD and HD-A8C-SD 
coatings respectively.  Figures 7.5c-d display high magnification SEM images of the 
cracks in LD-A4C-SD and LD-A8C-SD coatings respectively. CNT bridging between the 
splats resists the crack widening and propagation, and hence, contributes towards the 
toughening of CNT reinforced coating.  Uniformly dispersed CNTs in Al2O3 matrix can 
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provide multiple sites of anchoring and bridging the splats resulting in uniform 
toughening. Crack deflection at CNT/Al2O3 interface is also observed in HD-A8C-SD 
and LD-A8C-SD coatings. Figure 7.6 shows that crack deflects to another direction after 
it interacts with CNT bridges. Such deflection results in dissipation of crack energy 
resulting in improved fracture toughness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HD-A4C-SD 
HD-A8C-SD LD-A8C-SD 
LD-A4C-SD (a) 
(b) 
(c) 
(d) 
Figure 7.5: High magnification SEM image within the crack for (a) HD-A4C-SD coating 
(b) HD-A8C-SD coating (c) LD-A4C-SD coating (d) LD-A8C-SD coating showing CNT 
bridging inside the crack. 
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Figure 7.6: Crack deflections at Al2O3-CNT interface for (a) HD-A8C-SD coating (b) 
LD-A8C-SD coating 
 
Figure 7.7 is the direct correlation between the porosity content,, CNT content  
and fracture toughness of HD and LD coatings. A percentage value inside the pyramid 
represents the porosity content in the coating. The effect of porosity on fracture toughness 
is observed along the x-axis.  The combined effect of porosity and CNT reinforcement on 
fracture toughness can be seen along y-axis for HD and LD coatings in Figure 7.7. This 
clearly indicates that lower porosity in the coating in conjunction with uniformly 
dispersed CNT in the matrix plays an important role in enhancing the fracture toughness 
of coating. Fracture toughness of the ICP-1 coating was also evaluated which is explained 
in the following section. 
 
 
 
 
HD-A8C-SD LD-A8C-SD (a) (b)
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Figure 7.7: Effect of porosity and CNT reinforcement on fracture toughness of HD and 
LD coating. Percentage value shown inside the pyramid represents the porosity in the 
coating. 
 
7.2 Fracture Toughness of ICP-1 Coating 
 
Fracture toughness of ICP-1 coating was also measured using Anstis equation 
based upon the radial crack generation during Vickers indentation. Elastic modulus was 
calculated from the load-displacement curve obtained during Vickers indentation. An 
increase in 27% in elastic modulus value was observed for ICP-1 coating which is 
attributed to uniform dispersion of CNTs in Al2O3 matrix and strong bonding between 
Z 
4.2 % 
6.1 % 
5.6 % 3.5 % 
3.0 % 
4.7 % 
y 
x 
z 
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Al2O3/CNT. Strong bonding between matrix/reinforcement assists load transfer from the 
matrix to reinforcement and hence resists the selective elastic deformation of the matrix. 
An increase in 15% in microhardness value of ICP-1 coating was observed which is due 
to enhanced indentation resistance by CNT reinforcement to Al2O3 matrix. Elastic 
modulus and hardness obtained from Vickers indentation was used in calculating the 
fracture toughness of ICP-1 coating. An increase in 24% in relative fracture toughness of 
ICP-1 coating was observed by mere 1.5 wt. % CNT reinforcement. It should be recalled 
that relative improvement of 88% was observed by 4 wt. % CNT addition to Al2O3 
matrix in HD-A4C-SD coating (Figure 7.4). A mere 1.5 wt. % CNT content in ICP-1 
coating resulted in significant improvement in fracture toughness which is attributed to 
superior degree of CNT dispersion on each Al2O3 particle that promotes following 
toughening mechanisms: (i) crack bridging by CNT (ii) crack deflection at CNT interface 
(iii) strong CNT-Al2O3 interface.  
  
Figure 7.8a shows the SEM image of the indent on ICP-1 coating showing the 
radial cracks generated at 4 kg load. Figure 7.8b shows the high magnification image 
within the crack which clearly shows the CNT bridging between the splats that resists the 
crack widening and hence contribute towards the toughening of ICP-1 coating. Figure 7.9 
shows the CNT bridging between the Al2O3 splats. Thickening of the CNT diameter to 
~100 nm (CVD grown CNT diameter: 15-50 nm) indicates the formation of Al2O3 layer 
on CNT surface. During plasma spraying, molten Al2O3 spreads over CNT surface by 
capillary action and freezes instantaneously due to very rapid cooling rate.  
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Figure 7.8: (a) SEM image of Vickers indent on ICP-1 coating at 4 kg load showing 
 radial cracks (b) SEM image shows CNT bridging inside the crack.  
 
.  
 
 
 
 
 
 
 
 
 
                      Figure 7.9: Crack deflection at the CNT bridge 
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(~4.6 *106 Ks-1). Balani et al. [27] studied the wetting of CNT by molten Al2O3 and 
found coating formation on the CNT surface. Further, Figure 7.9 shows that a crack 
propagates to CNT and then deflects to another direction. The crack deflection angle (θ) 
was measured as 25 degree. Uniform dispersion of CVD grown CNTs on each Al2O3 
particle and high surface area of CNT imparts uniform sites for energy release rate and 
high fracture toughness of ICP-1 coating. 
 
In addition to crack bridging and crack deflection, strong CNT-Al2O3 interface is 
also regarded as another toughening mechanism. The bonding/interaction between CNT 
and matrix play an important role in stress transfer from the matrix to the CNT which 
ultimately affects the mechanical properties [7]. Figure 7.10a shows the TEM image of 
CNT-Al2O3 interface with corresponding SAED pattern as inset showing presence of α- 
Al2O3 phase. Figure 7.10b shows the high magnification HRTEM image of CNT-Al2O3 
interface with lattice distortion.  Lattice spacing of 2.165 Å corresponds to (006) plane of 
α-Al2O3. Inset in Figure 7.10b is the Fast Fourier transformed (FFT) image of the 
rectangular region which indicates the distortion of the lattice upon interaction with CNT. 
The interfacial lattice distortion suggested a possible reaction as presented in equation 
7.11. 
                                         2Al2O3 + 6C →Al4C3 + 3CO2                                          (7.11) 
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Figure 7.10: (a) TEM images of plasma sprayed ICP-1 coating shows the Al2O3-CNT 
interface. Inset image shows the SAED pattern indicating alpha alumina phase. (b) High 
magnification HRTEM image of Al2O3-CNT interface showing strong interaction 
between CNT and Al2O3. Inset image is the FFT image of the lattice structure showing 
overlap between CNT and Al2O3 
 
Thermodynamic activity of Al4C3 (~6.89 × 10−19 at 2200 K, near the melting 
point of Al2O3) is very low, as computed from FactSage thermochemistry software [146]. 
Gibbs free energy of formation of Al4C3 is 700.2 kJ and 558.4 kJ at 2200 K and 2500 K 
respectively.  These macroscopic thermodynamic computations suggest that no stable 
reaction product form between Al2O3 and C. However, atomic level interaction at Al2O3–
CNT interface and pseudo-bonding between aluminum and carbon atoms has been 
confirmed by performed ab-initio studies [27]. Hence, it can be concluded that there is a 
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strong interaction between CNT and Al2O3 at the atomic interface which could contribute 
towards the toughening mechanism of the ICP-1 coating. 
 
Similar toughening mechanisms (crack bridging by CNT, crack deflection at 
CNT/Al2O3 interface) were observed in both SD and ICP-1 coatings. But 24% 
improvement in the fracture toughness of ICP-1 coating by mere 1.5 wt. %  CNT addition 
was very significant as compared to SD coatings and it attributed to uniform degree of 
CNT dispersion.  It is recalled here, due to limitation of large scale synthesis of ICP-1 
powder, optimization of plasma parameters were done on spray died powder and not on 
ICP-1 powder. It is envisaged that, optimized parameters for ICP-1 powder in 
conjunction with excellent CNT dispersion on each of the Al2O3 particle will lead to 
much enhanced fracture toughness of the coating.  
 
Tribological behavior of coatings is  dependent upon the material properties (E, 
H, KIC), which is evident from Evans and Marshall equation [110] (represented as 
Equation 7.12). 
                                           S
H
EHKPV cn
8.0625.05.0125.1 )(                                          (7.12) 
where, V is the wear volume (m3), Pn is applied load (MPa), Kc is fracture toughness, H is 
the hardness, E is the elastic modulus (GPa) and S is the sliding distance (m). 
Tribological behavior of SD and ICP-1 coatings has also been evaluated at room and high 
temperature which will be discussed in the next two chapters. 
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8. ROOM TEMPERATURE TRIBOLOGICAL BEHAVIOR 
 
8.1 Tribological Behavior of Coatings Synthesized from Spray Dried Powder 
 
Figure 8.1 shows the cumulative wear weight loss as a function of sliding distance 
at  a normal load of 30 N for high density (HD-A-SD, HD-A4C-SD, HD-A8C-SD) and 
low density (LD-A-SD, LD-A4C-SD, LD-A8C-SD) coatings. The cumulative wear 
weight loss increases with the increasing sliding distance and decreases with increasing 
CNT content for both type of coatings. Higher wear weight loss was observed for all 
compositions of LD coatings as compared to HD coatings.  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: Cumulative wear weight loss of HD and LD coatings as function of sliding 
distance at normal load of 30N  
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Cumulative wear weight loss (at 565 m sliding distance) as a function of CNT content 
has been plotted in Figure 8.2. From Figure 8.2, following observations has been made. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: Cumulative wear weight loss of HD and LD coating as function of CNT 
content after the linear sliding distance of ~565 meters and at normal load of 30 N.  
 
There is ~71% and ~80% improvement in the wear resistance of HD-A4C-SD and 
HD-A8C-SD coatings respectively as compared to HD-A-SD coating. Similarly, there is 
an improvement of ~28% and ~47% in the wear resistance of LD-A4C-SD and LD-A8C-
SD coatings respectively as compared to LD-A-SD coating.  Comparing between HD and 
LD coatings, there is an improvement of ~20% in wear resistance of HD-A-SD coating as  
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compared to LD-A-SD coating.  HD-A4C-SD and HD-A8C-SD coatings displayed ~68% 
and ~70% improvement respectively as compared to low density coatings of similar 
compositions. It can be concluded that lower amount of porosity in the coating and CNT 
reinforcement to matrix enhances the wear resistance of plasma sprayed coatings when 
sliding against silicon nitride (Si3N4) counter body. 
 
SEM observation of wear tracks was carried out to identify the wear mechanism 
in HD and LD coatings. Figure 8.3a-c shows the micrograph of wear surface of HD-A-
SD, HD-A4C-SD and HD-A8C-SD coatings whereas Figure 8.3d-f represents the wear 
surface of LD-A-SD, LD-A4C-SD and LD-A8C-SD coatings. Wear surface of all 
coatings show rough surface. In addition, wear surface of all coatings show discontinuous 
smooth thin film, which is attributed to a possible tribochemical reaction. Tribochemical 
reaction has a critical role in wear behavior of ceramic material [147]. Formation of 
smooth, thin protective layer as result of tribochemical reaction can reduce the wear of 
coating surface against sliding [112, 147, 148].  
 
 
Elemental X-ray mapping of the worn surface was carried out to identify the 
composition of the thin film. Figures 8.4a-c show the elemental X-ray maps of worn 
surface of HD-A-SD, HD-A4C-SD and HD-A8C-SD coating respectively. Figure 8.4a1, 
b1, c1 are the back scattered images of wear track of HD-A-SD, HD-A4C-SD and HD-
A8C-SD coating respectively. Figures 8.4a2-a5 shows the distribution of silicon, 
aluminum, oxygen and nitrogen respectively.  Figures 8.4b2-b6 and 8.4c2-c6 show the 
distribution of silicon, aluminum, oxygen, nitrogen and carbon. Presence of silicon and 
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Figure 8.3: Wear surface topography after the linear sliding distance of ~565 meters and 
at normal load of 30 N for (a) HD-A-SD coating (b) HD-A4C-SD coating (c) HD-A8C-
SD coating (d) LD-A-SD coating (e) LD-A4C-SD coating (f) LD-A8C-SD coating 
(c) (f) 
(b) (e)
(a) (d)
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Figure 8.4: X-ray maps of wear track of (a) HD-A-SD coating (b) HD-A4C-SD coating (c) HD-A8C-SD coating. a1, b1, c1 are 
the back scattered image of wear track of HD-A-SD, HD-A4C-SD and HD-A8C-SD coatings respectively. a2-a5 shows the 
distribution of silicon, aluminum, oxygen and nitrogen respectively while b2-b6 and c2-c6 shows the distribution of silicon, 
aluminum, oxygen, nitrogen and carbon respectively. 
1 
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nitrogen in the worn surface is as a result of transferred oxidation product of silicon 
nitride ball. In numerous studies [112, 147, 148], room temperature oxidation of Si3N4 is 
reported in the presence of moisture. Similar elemental X-ray mapping results were 
obtained for LD coatings but are not included here.  
 
Lin et al. [112] studied the tribological behavior of titanium oxide (TiO2) 
reinforced Al2O3 (Al2O3-3 wt. % TiO2) coating against Si3N4 ball from room temperature 
to 873 K. They found that wear rate of coating was too small to be measured accurately at 
the room temperature and increased (~5.5×10-5 mm3/Nm) with the increase in the 
temperature. Improved wear resistance at room temperature was attributed to the 
formation of protective silicon oxide (SiO2) layer on the wear track.  This protective SiO2 
layer was the result of the oxidation of Si3N4 (counter body) ball in the presence of the 
moisture. It was observed that, with the increasing temperature, the absorption tendency 
of moisture on the worn surface decreased and there was no more protective SiO2 layer 
resulting in higher wear of the coating. Formation of the protective layer between the ball 
and the coating occurs due to tribochemical reaction which is caused by the 
moisture/oxygen absorption from the atmosphere [147].  
 
A room temperature oxidation reaction of Si3N4 in the presence of moisture was 
analyzed with the help of FactSage thermochemistry software [146]. Equation 8.1 shows 
probable oxidation reaction at room temperature (298 K) and associated Gibbs free 
energy which indicates the formation of SiO2 as the reaction product. 
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   At 298 K : Si3N4 + 75 H2O + 1000 O2 = 997 O2 + 3 SiO2 + 71 H2O + 2 N2                                                     
                                                                                                                  ΔG = -9.05 × 107 J                                    (8.1) 
 
 
The formation of SiO2 film was experimentally validated by performing XPS 
analysis on the wear surface of the coatings. Figures 8.5a and b show XPS analysis of 
worn surfaces of HD-A-SD and HD-A8C-SD coatings. XPS analysis confirms the 
presence of Si 2p peak in the wear track of HD-A-SD and HD-A8C-SD coating. A peak 
near 103.5 eV indicates the 4+ oxidation state of the silicon and confirms the Si-O bond 
formation which corresponds to SiO2 thin film. It was interesting to note that, there was 
no significant signal which can confirm the presence Si-N bond (near 102.5eV) [149]. 
Hence, the transferred thin film on the wear track is identified as SiO2 film. The wear 
surface of counter body (Si3N4 ball) was also examined to further evaluate SiO2 film 
formation.  
 
 
Figures 8.6a-b show the unworn and worn surfaces of Si3N4 ball. Worn surface 
shows rough region indicating the wear phenomena. There was no transfer layer observed 
on the worn surface of Si3N4 ball. It has been confirmed by performing EDS and 
elemental X-ray mapping on the worn surface of the ball. Figure 8.6c shows the EDS 
spectra from the worn surface of ball. Highest intensity peak was observed for silicon.  
Table 8.1 shows the quantitative results of elements present in the worn surface of ball 
which showed small amount of oxygen and traces of aluminum. 
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Figure 8.5: XPS spectra collected from (a) wear track of HD-A-SD coating (b) wear track 
of HD-A-8CSD coating. Both spectra show the major peak of Si 2p near ~103.5 ev 
confirming the presence of SiO2 layer on the surface of wear track. 
 
 
 (a) HD-A-SD 
(b) HD-A8C-SD 
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.  
 
 
 
 
 
 
 
 
Figure: 8.6: (a) unworn surface (US) and (b) worn surface (WS) of Si3N4 ball after the 
room temperature wear test (c) EDS spectra collected on the worn surface of ball 
showing high intensity peak for silicon. 
 
Table 8.1: Quantitative results of elements present on the worn surface of Si3N4 ball 
 
 
 
 
Element Wt.% At.% 
CK 07.24 12.68 
NK 21.72 32.59 
OK 02.74 03.59 
AlK 00.91 00.71 
SiK 67.38 50.42 
(c) 
(a) (b) (a) (b) 
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Figure 8.7 is the elemental X-ray map of the worn surface of Si3N4 ball.  Figure 
8.7a represents the back scattered image of worn surface whereas Figures 8.7 b–f show 
the distribution of aluminum, silicon, carbon, nitrogen, and oxygen respectively. X-ray 
map further validates the negligible presence of aluminum on the worn surface of ball. 
Negligible presence of transfer layer from the coating to worn surface of ball further 
indicates the presence of protective layer (i.e. SiO2 thin film) on the worn surface of 
coating caused lower wear weight loss of coating and hence no transfer layer on the ball. 
The percentage of area covered by the transferred thin film (SiO2) on the worn surface of 
HD and LD coatings was measured from five to six wear track images using Image J 
software (http://rsbweb.nih.gov/ij/index.html).  Table 8.2 shows the fraction of the area 
coverage of the transferred SiO2 film on the wear track of HD and LD coatings. Table 8.2 
indicates the slightly higher transfer of SiO2 containing film in case of HD coatings as 
compared to LD coatings. Also, relatively higher transfer of SiO2 containing film was 
observed in the wear track of CNT reinforced HD and LD coatings. Higher transfer of 
SiO2 film in HD coatings as compared to LD coatings is attributed to the higher hardness 
of HD coatings (as shown in Table 7.2) which leads to more intense wear of Si3N4 ball. 
Similarly, CNT reinforced coatings have relatively higher hardness (as shown in Table 
7.2) causes intense wear of Si3N4 ball.  It is well known that transferred thin film to the 
wear track acts as a protective layer and can protect the surface effectively against further 
wear of coating [112, 147].  
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Figure 8.7: X-ray map of worn surface of Si3N4 ball after the room temperature (298 K) 
wear test showing (a) back scattered image of worn surface (b) distribution of 
aluminum(c) distribution of silicon (d) distribution of carbon (e) distribution of nitrogen 
(f) distribution of oxygen 
 
 
(a) (b) 
(c) (d) 
(e) (f) 
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Table 8.2: Area fraction of protective thin film 
 
 
 
 
 
 
 
Relatively higher amount of protective film on the wear surface of HD coatings is 
one of the reasons that lead to improvement in wear resistance of HD coatings as 
compared to LD coatings. The higher fraction of film in wear track of HD-A4C-SD 
(0.69) and HD-A8C-SD coating (0.76) compared to HD-A-SD coating (0.63) is one of 
the reasons for improvement in wear resistance of CNT reinforced coatings. 
 
Other factors which are responsible for improvement in the wear resistance of the 
coatings include (i) higher hardness and (ii) improved fracture toughness. Evans and 
Marshall [110] has proposed the wear of ceramic material based on the fracture 
toughness value which is represented in equation (8.2); 
                                              S
H
EHKPV cn
8.0625.05.0125.1 )(                                          (8.2) 
where, V is the wear volume (m3), Pn is the applied load (MPa), Kc is the fracture 
toughness (MPa m1/2), H is the hardness, E is the elastic modulus (GPa) and S is the 
sliding distance (m). Equation 8.2 shows that high fracture toughness of the material will 
result in improved wear resistance. It has been discussed in Chapter 7 that all HD 
Area fraction of protective thin film 
HD-A-SD 0.63 
HD-A4C-SD 0.69 
HD-A8C-SD 0.76 
    
LD-A-SD 0.56 
LD-A4C-SD 0.61 
LD-A8C-SD 0.7 
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coatings have higher fracture toughness as compared to LD coatings. Hence, HD coatings 
display better wear resistance as compared to LD coatings. CNT reinforcements also 
offer the toughening mechanism which contributes towards the higher wear resistance of 
coating. Figures 8.8a and b show the CNT bridging between the splats in wear tracks of 
HD-A4C-SD and HD-A8C-SD coatings.  Figures 8.8c and d show CNT bridges between 
the splats in wear tracks of LD-A4C-SD and LD-A8C-SD coatings. CNT bridging 
reduces the degree of material removal by resisting the crack propagation. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.8: High magnification image of wear surface (a) HD-A4C-SD coating (b) HD-
A8C-SD coating (c) LD-A4C-SD coating (d) LD-A8C-SD coating, showing the CNT 
bridging between the splats. 
(a) 
(b) 
(c) 
(d) 
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Figure 8.9a shows the average coefficient of friction (COF) for HD coatings with respect 
to sliding distance at 30 N load. Figure 8.9b is the average COF for LD coatings with 
respect to sliding distance at 30 N load.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.9: Coefficient of friction (COF) with sliding distance at normal load of 30 N for 
wear track of (a) HD coating (b) LD coating 
(a) 
(b) 
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Relatively higher spikes and fluctuation were observed for COF of LD coatings 
which are attributed to higher debris generation during wear condition. Since, relatively 
large area of the wear track in HD coatings is covered with protective film (Table 8.2), 
the amount of wear debris generation in wear track of HD coating is lower leading to less 
fluctuation in COF value.  The average COF value for HD-A-SD wear track was found 
~0.71 while it was ~0.67 and ~0.65 for HD-A4C-SD and HD-A8C-SD wear track. 
Average COF for wear track of LD (~0.73 for LD-A-SD, ~0.68 for LD-A4C-SD and 
~0.69 for LD-A8C-SD) was found almost similar to COF for HD wear track. However, it 
can be seen that, CNT reinforced coating has slightly lower COF in both HD and LD 
coatings.  Raman spectra were obtained from the unworn (US) and worn surfacez (WS) 
of HD-A4C-SD and HD-A8C-SD coatings as shown inFigure 8.10. Raman spectra 
showed the presence of D and G peaks in the worn surface of coating indicating retained 
CNT after the wear.  Ratio of intensity of D and G peaks (ID/IG) has been calculated from 
the Raman spectra and is tabulated in Table 8.3. ID/IG ratio from the worn surface of both 
coatings is lower (ID/IG= 0.76 for HD-A4C-SD and 0.73 for HD-A8C-SD) as compared 
to unworn surface of coating (ID/IG= 0.84 for HD-A4C-SD and 0.93 for HD-A8C-SD). A 
lower ID/IG value indicates higher degree of graphitization in the wear surface which 
might be due to exposed graphene layer of CNTs by continuous abrading of the wear 
surface. Hence relatively lower COF was observed for CNT reinforced coating. 
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Figure 8.10: Raman spectra of unworn surface (US) and worn surface (WS) of HD-A4C-
SD and HD-A8C-SD coating.  
 
Table 8.3: Position and ratio of intensity of D and G peaks obtained from Raman 
Spectroscopy of unworn and worn surface of HD-A4C-SD and HD-A8C-SD coating.  
 
 
Sample Position of D peaks Position of G peaks ID/IG 
US of HD-A4C-SD coating 1356 1582 0.84 
WS of HD-A4C-SD coating 1361 1588 0.76 
US of HD-A8C-SD coating 1356 1582 0.93 
WS of HD-A8C-SD coating 1362 1584 0.73 
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Figure 8.11 is the graphical representation correlating porosity and wear 
resistance of HD and LD coatings. Percentage value written inside the pyramid represents 
the porosity in the coating. Lower porosity in the coating results in lower weight loss and 
hence higher wear resistance of the coating. Tailoring the porosity to a smaller value by 
optimizing the plasma process parameters leads to significant improvement in the wear 
resistance of coating. Thus, it becomes clear how plasma process parameters affect the 
coating’s final property.  Uniformly dispersed CNTs in the matrix also play an important 
role in enhancing the wear resistance of coating.  Figure 8.11 shows that CNT reinforced 
coatings have higher wear resistance as compared to coatings without CNT.  
 
 
Figure 8.11: Effect of porosity on cumulative wear weight loss of HD and LD coating. 
Percentage value shown inside the pyramid represents the porosity in the coating. 
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8.2. Tribological Behavior of Coating Synthesized using CVD Al2O3-CNT (ICP-1) 
Powder  
 
 
Figure 8.12 shows the cumulative wear weight loss as a function of sliding 
distance at different loads for Al2O3 and ICP-1 coatings. It is highlighted that counter 
body used for wear test of ICP-1 coating is tungsten carbide (WC) ball and not Si3N4 ball 
as in the case of coatings synthesized from spray dried powder. The difference in the 
counter body will lead to different tribochemical reaction and affect the wear behavior of 
ceramic material. Figure 8.12 shows that cumulative wear weight loss increases with the 
sliding distance and the load.  There is almost no weight loss for both coatings at 10 N 
load suggesting that load is not high enough to cause wear in Al2O3 based coatings. The 
wear weight increases for 30 N and 50 N loads.  
 
 
 
 
 
 
 
 
 
 
Figure 8.12: Cumulative wear weight loss of Al2O3 coating and ICP-1 coating at  
different loads. 
Al2O3 coating at 50 N 
ICP-1 coating at 50 N 
Al2O3 coating at 30 N 
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Higher wear weight loss is observed for Al2O3 coating as compared to ICP-1 
coating at 50 N load.  It can be concluded that load and CNT reinforcement plays the 
major roles in wear behavior of both coatings. SEM observation of the wear track was 
carried out to identify the wear mechanism due to load and CNT reinforcement. At 30 N 
load, SEM image indicates the mild abrasive wear resulting in smoother surface (Figure 
8.13a and b).  
Figure 8.13: Wear surface topography after the linear sliding distance of ~565 meters (a) 
Al2O3 coating at 30 N load (b) ICP-1 coating at 30 N load (c) Al2O3 coating at 50 N load 
(d) ICP-1 coating at 50 N load.  Each inset image shows the 3 mm wide wear track (WT) 
caused by tungsten carbide ball.   
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On the other hand severe abrasive wear results in rough surface which is seen in 
case of 50 N load (Figure 8.13c and d). The inset image in Figure 8.13a-b and in Figure 
8.13c-d is 3 mm wide wear track left by WC ball at 30 N and at 50 N loads respectively. 
Occasional pull out of the material was observed in case of mild wear for 30 N load. In 
contrast, at 50 N load the surface was deeply grooved. This is attributed to pronounced 
contact stress between the WC ball and wear material at higher load. The higher contact 
stress favors cracking in the coating which ultimately leads to fracture. Hence it is 
expected the higher degree of material removal occurs at a higher load.  Further, weak 
intersplat cohesion in plasma sprayed coating [28] may induce the debonding of 
interlinked splats and their detachment from the coating at the higher load. 
 
It is recalled, wear surface of spray dried coating showed tribochemical SiO2 film 
formation on the wear track when sliding against Si3N4 ball. Unlikely, for the case of 
ICP-1 coating, wear surface did not show any tribochemical film on the wear surface. 
This is in accordance with the literature results. Li et al. [150] studied the sliding wear 
behavior of titanium aluminide (TiAl) using steel and ceramic ball (Al2O3, Si3N4, WC). 
They found the strong influence of counter body on the wear behavior TiAl 
intermetallics. Though not much difference observed in wear loss against Si3N4 and WC 
ball, but, tribochemical film formation was observed on the wear track of TiAl 
intermetallics when slided against Si3N4 ball. No such type of film was observed on the 
wear track against WC ball [150].  
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Figure 8.12 shows the higher improvement in the wear resistance of ICP-1 
coating at 50 N load (~27%) as compared to 30 N load (~12%). This can be correlated 
with the wear mechanism in conjunction with the effect of CNT reinforcement at higher 
load. Since, at 50 N load severe wear dominates and the material removal occurs by 
cracking followed by fracture, CNT reinforcement offers the toughening mechanism at 
higher load.  CNT bridging plays an important role in deflecting the cracks (Figures 7.9 
and 8.14) and hence reduces the degree of material removal at higher load by resisting the 
crack propagation. But in the case of mild wear, load (30 N) is not enough to generate the 
crack in the coating and hence the toughening mechanism is not very effective at lower 
load. It is also observed from Figure 8.12 that ICP-1 coating shows low cumulative wear 
weight loss as compared to Al2O3 coating (at 50 N load) except during initial 200 m of 
sliding distance. Initial wear loss in ICP-1 coating at 50 N load is due to higher surface 
roughness (2.93±0.61 µm) of ICP-1 coating than Al2O3 (1.43±0.38 μm) coating. Surface 
roughness plays an important role in wear loss of the material as surface asperities come 
in direct contact and gets abraded first.  
 
 
 
 
 
 
Figure 8.14: High magnification image of wear surface of ICP-1 coating at (a) 30 N load 
and (b) 50 N load, showing the CNT bridging between the splats. 
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 From Evans and Marshall equation (Equation 8.2), it is very clear that higher 
fracture toughness of the material will result in enhanced wear resistance of the coating. 
Wear weight loss was computed from Equation 8.2 for both coatings at 30 N and 50 N 
loads. Improvement in “computed” and “experimental” wear resistance of ICP-1 coating 
at 30N and 50 N loads is  tabulated in Table 8.4. There is 45% improvement in the 
“computed” wear resistance at 30 N load and 47% at 50 N load for ICP-1 coating over 
Al2O3 coating. However, the experimental results shows wear resistance improvement of 
12% at 30N load and 27% 50N load for ICP-1 coating. Overestimation in the computed 
value of wear resistance improvement is attributed to surface roughness and surface 
asperities which were not taken care of in equation 8.2.  
 
Table 8.4: Computed and experimental wear resistance of ICP-1 coating. 
 
Figure 8.15 shows the average COF with respect to sliding distance for both 
coatings at 10 N, 30 N and 50 N loads. It is recalled that for spray dried coating, 
continuous curve of COF was shown but for ICP-1 coating. Average COF values are 
shown in Fig. 8.15 due to difficulty in representing the large amount of data at three 
different loads (10 N, 30 N, 50 N) for both Al2O3 and ICP-1 coatings.  It is observed that 
higher load induces the higher coefficient of friction. Highest value of COF for both 
coatings at 50 N load is attributed to rough wear surface which further validates the 
mechanism of severe abrasive wear and debris formation whereas lower value of COF at 
Load  
Improvement in 
 wear resistance (%) 
(Computed value from Equation 8.2) 
Improvement in  
wear resistance (%) 
(Experimental Value) 
30N  45 12 
50N  47 27 
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30 N load is due to smoother wear surface indicating the mechanism of mild abrasive 
wear. 
 
 
 
 
 
 
 
 
 
 
Figure 8.15: Average coefficient of friction (COF) with sliding distance at different loads 
for wear track of Al2O3 coating and ICP-1 coating 
 
Effect of CNT reinforcement on COF at 10 N load was not significant as there was 
insignificant wear at the low load for both coatings (Figure 8.12). Raman spectra of 
ICP_1 coating show presence of D and G peaks in the wear track in Figure 8.16.  Table 
8.5 shows the ID/IG ratio for wear track of ICP-1 coating, which is almost similar for 30 N 
(ID/IG=0.87) and 50 N load (ID/IG =0.88). However, ID/IG ratios from wear track at both 
loads are lower as compared to unworn surface of ICP-1 coating (ID/IG=0.98). A lower 
ID/IG value indicates higher degree of graphitization within wear track. This might be due 
to exposed graphene layer of CNTs by continuous abrading of the wear surface. In the 
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case of 30 N load, graphitization in the wear track of ICP-1 coating resulted in slightly 
lower but uniform COF (0.63) than Al2O3 coating (COF=0.67). In contrast, COF for wear 
track of ICP-1 coating at 50 N load showed discontinuous behavior.  COF for the wear 
surface of ICP-1 coating at 50 N load shows higher value (0.82) in the initial stage than 
Al2O3 coating (COF= 0.68). This behavior of ICP-1 coating can be understood in terms 
of two competing wear mechanism viz. (i) wear debris generation and (ii) graphitization 
in wear track due to contact pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.16: Raman spectrum of ICP-1 coating, wear track (WT) of ICP-1 coating at 
30N, and 50N load.  Raman peak of ICP-1 coating, and wear track of ICP-1 coating at 
both loads suggests enhanced graphitization of CNTs. 
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Table 8.5: Position and ratio of intensity of D and G peaks obtained from Raman 
Spectroscopy of ICP-1 coating and its wear track (WT) at 30N and 50N load. 
 
Higher surface roughness of ICP-1 coating (2.93±0.61 µm) than Al2O3 coating 
(1.43±0.38 μm)  lead to high wear debris generation in the wear track of ICP-1 coating 
and dominates graphitization in the initial stage, resulting in higher COF. However, as the 
wear time progresses wear process stabilizes slowly and graphitization dominates over 
the wear debris generation leading to reduction in COF.  
 
Although optimization of plasma parameters was not done for ICP-1 coating due 
to lack of availability of ICP-1 powder, 1.5 wt. % of CNT addition in ICP-1 coating 
resulted ~24% improvement in the wear resistance.  Enhanced wear resistance of ICP-1 
coating is attributed to excellent CNT dispersion in Al2O3 matrix which promoted the 
toughening mechanism. Similar toughening mechanism was observed for spray dried 
coating which resulted ~71% and ~80% relative improvement in wear resistance of HD-
A4C-SD and HD-A8C-SD coating respectively. In addition, tribochemical film formation 
was observed in the wear track of all spray dried coatings which further assisted in 
lowering the wear loss. The next chapter describes high temperature tribological behavior 
of CNT reinforced Al2O3 coatings.   
 
 Sample Position of D peaks Position of G peaks ID/IG 
ICP-1 Coating 1353 1589 0.98 
ICP-1 WT-30N load 1349 1594 0.87 
ICP-1 WT-50N load 1362 1598 0.88 
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9. HIGH TEMPERATURE TRIBOLOGICAL BEHAVIOR 
 
 In this chapter, tribological behavior of plasma sprayed Al2O3-CNT coatings at 
the elevated temperature is discussed.  It should be emphasized that no attempt has been 
made to study the high temperature tribological behavior of Al2O3-CNT composite 
coating. Wear and friction behavior of the Al2O3-CNT composite coating at temperature 
ranging from 298 to 873 K is investigated using ball-on-disk tribometer. 
 
 
9.1 High Temperature Tribological Behavior of Coatings Synthesized from Spray  
      Dried Powder 
 
Figure 9.1 shows the cumulative wear weight loss of high density (HD-A-SD, 
HD-A4C-SD, HD-A8C-SD) and low density (LD-A-SD, LD-A4C-SD, LD-A8C-SD) 
coatings at 298 K, 573 K and 873 K.  Wear weight loss in Figure 9.1 is plotted after ~565 
meters of linear sliding distance at a normal load of 30 N. The cumulative wear weight 
loss increases with the temperature for HD and LD coatings when sliding against Si3N4 
counter body. Cumulative wear weight loss decreases with an increasing CNT content for 
HD and LD coatings at all temperatures. HD coatings show a lower weight loss for all 
compositions as compared to LD coatings. Table 9.1 is the summary of the improvement 
in wear resistance of CNT reinforced HD and LD coatings at all temperatures. The data 
from Table 9.1 is also presented graphically for a direct visual comparison in wear 
behavior between HD and LD coatings. 
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Figure 9.1: Cumulative wear weight loss of HD and LD coatings as function of different 
temperature at normal load of 30N and after a linear sliding distance of ~565 meters. 
 
Wear comparison among HD and LD coatings is shown in Figure 9.2 as bar charts.  
Figure 9.2a shows cumulative wear weight loss of HD-A-SD and LD-A-SD coating as a 
function of temperature.  Figure 9.2b shows the cumulative wear weight loss of HD-
A4C-SD and LD-A4C-SD coating. Cumulative wear weight loss of HD-A8C-SD and 
LD-A8C-SD coatings as a function of temperature is shown in Figure 9.2c. Percentage 
(%) value shown near curly bracket in Figures 9.2a-c is the relative improvement in wear  
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 Table 9.1: Improvement in the wear resistance of HD and LD coatings at temperatures 
from 298 K to 873 K. 
  
resistance of HD coatings as compared to LD coatings. The percentage value shown 
inside the black bar is the reduction in the wear resistance of that coating at elevated 
temperature as compared to same coating at 298 K. The percentage value shown inside 
the red bar is the reduction in the wear resistance of that coating at elevated temperature 
as compared to same coating at 298 K. 
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Figure 9.2: Cumulative wear weight loss (after linear sliding distance of ~565 meters) as 
function of temperature for (a) HD-A-SD and LD-A-SD coating (b) HD-A4C-SD and 
LD-A4C-SD coating (b) HD-A8C-SD and LD-A8C-SD coating 
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Fig 9.2 clearly indicates that temperature and CNT content has strong effects on 
wear behavior of HD and LD coatings against Si3N4 counter body. Wear surface of HD 
and LD coatings have been analyzed to understand the high temperature wear behavior.  
SEM observations of wear surface of HD and LD coatings at “873 K” are shown in 
Figure 9.3. Figures 9.3a-c show the SEM micrographs of wear surface of HD-A-SD, HD-
A4C-SD and HD-A8C-SD coatings at 873 K respectively.  Figures 9.3d-f represents the 
wear surfaces of LD-A-SD, LD-A4C-SD and LD-A8C-SD coatings at 873 K 
respectively. Wear surface of all HD and LD coatings at 873 K showed rough surface 
which indicates the phenomena of severe wear. Wear surfaces of HD and LD coatings 
did not show much difference in the morphology. Figure 9.3 also shows very “small 
amount” of discontinuous thin film observed in the wear surface of HD and LD coatings 
at ~873 K except LD-A-SD coating.  Absence of thin film in the wear surface of LD-A-
SD coating is due to relatively lower hardness of LD-A-SD coating (Table 7.2) resulting 
in lesser wear rate of Si3N4 ball and hence negligible amount of transfer layer from the 
ball to the coating. Distribution of thin film on the wear track has been observed by 
performing elemental X- ray mapping of the wear track. Figures 9.4a-c show the 
elemental X-ray mapping of the wear surfaces of HD-A-SD, HD-A4C-SD and HD-A8C-
SD coating at 873 K respectively. Figures 9.4a1, b1, c1 are the back scattered images of 
wear tracks of HD-A-SD, HD-A4C-SD and HD-A8C-SD coatings respectively. Figures 
9.4a2-a5 show the distribution of silicon, aluminum, oxygen and nitrogen respectively 
while 9.4b2-b6 and 9.4c2-c6 shows the distribution of silicon, aluminum, oxygen, 
nitrogen and carbon. 
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Figure 9.3: Wear surface topography at ~873 K and after the linear sliding distance of 
~565 meters and at normal load of 30 N for (a) HD-A-SD coating (b) HD-A4C-SD 
coating (c) HD-A8C-SD coating (d) LD-A-SD coating (e) LD-A4C-SD coating (f) LD-
A8C-SDcoating
(a) 
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(c) 
(d)
(e
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Figure 9.4: X-ray map of wear track of (a) HD-A-SD coating at 873 K (b) HD-A4C-SD coating at 873 K (c) HD-A8C-SD 
coating at 873 K. a1, b1, c1 are the back scattered image of wear track of HD-A-SD, HD-A4C-SD and HD-A8C-SD coatings 
respectively. a2-a5 shows the distribution of silicon, aluminum, oxygen and nitrogen respectively while b2-b6 and c2-c6 shows 
the distribution of silicon, aluminum, oxygen, nitrogen and carbon respectively.
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X-ray map confirms the presence of silicon, nitrogen in the wear surface which is as 
results of tribochemical reaction with the Si3N4 ball.  
 
High temperature oxidation reaction of Si3N4 in the presence of moisture was 
analyzed with the help of FactSage thermochemistry software [146]. Equation 9.1-9.4 
shows oxidation reactions from 298 K to 1173 K and associated Gibbs free energy. 
Equation 9.1 and 9.2 indicates the formation of crystalline SiO2 as the reaction product at 
298 K and 573 K which changes to amorphous hydrated SiO2 at 873 K. Increasingly 
negative Gibbs free energy with the increasing temperature confirms thermodynamic 
stability of amorphous hydrated SiO2 formation at higher temperature (873 K).  
 
At 298 K: Si3N4 + 75 H2O + 1000 O2 = 997 O2 + 3 SiO2 + 71 H2O + 2 N2  
                                                                  ΔG = -9.05 *107 J                                         (9.1) 
                                                         
At 573 K : Si3N4 + 75 H2O + 1000 O2 = 996 O2 + 3 SiO2 + 75 H2O + 2 N2  
                                                                  ΔG = -1.58 *108 J                                         (9.2) 
   
At 873 K : Si3N4 + 75 H2O + 1000 O2 = 996 O2 + 3 SiO2. n H2O (amorphous) + 75 H2O                           
                                                                  + 2N2    ΔG = -2.36 *108 J                           (9.3) 
 
 
At 1173 K : Si3N4 + 75 H2O + 1000 O2 = 996 O2 + 3 SiO2. n H2O (amorphous) + 75 H2O                         
                                                                  + 2N2    ΔG = -3.19 *108 J                           (9.4) 
 
XPS analysis of the wear surface of HD-A-SD and HD-A8C-SD coating in Figure 9.5 
confirmed that discontinuous thin film is composed of SiO2. It should be noted that, 
equation 9.3 shows the formation of amorphous hydrated SiO2 as reaction product at 873 
K while XPS shows the presence of crystalline SiO2. This is attributed to transformation 
of amorphous hydrated SiO2 to crystalline SiO2 below ~823 K [146]. 
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Figure 9.5: XPS spectra collected from (a) wear track of HD-A-SD coating (b) wear track 
of HD-A-8CSD coating. Both the spectra show the major peak of Si 2p near ~103.5 ev 
confirming the presence of SiO2 layer on the surface of wear track. 
 
It must be recalled most of the room temperature wear surfaces of HD and LD 
coatings were covered with protective tribochemical film that reduced the wear. In the 
case of high temperature, very small amount of protective tribochemical film SiO2 film 
was found on the wear surfaces and hence result in higher wear loss. Si3N4 ball oxidizes 
in the presence of moisture and forms a protective film on the wear surface of coatings as 
a result of tribo-chemical reaction [112, 147]. However, with the increase in temperature, 
absorption tendency of moisture on the wear track decreases and there is reduced chance 
of tribochemical reaction to form a protective film.  Hence severe wear occurs at high 
temperatures with a higher wear weight loss of the coatings.   
 
HD-A-SD At 873 K HD-A8C-SD At 873 K
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Severe wear of the coating was also validated by examining the Si3N4 ball in post 
wear condition. It was expected that there will the more transferred layer from the coating 
to Si3N4 ball surface in severe wear conditions. Figure 9.6a shows unworn surface of the 
Si3N4 ball whereas Figures 9.6b and c show the worn surfaces of Si3N4 ball after the wear 
test at 298 K and 873 K respectively. Unworn surface shows a smoother surface whereas 
rough surface is observed for 298 K and 873 K. From Figures 9.6b and c, it can be 
concluded that wear surface of the ball at 873 K has higher transfer layer from the 
coating. Composition of the transfer layer has been identified by performing EDS and X-
ray mapping on the worn surface of Si3N4 ball at 873 K. EDS spectrum of the worn ball 
surface at 873 K presented in Figure 9.6d shows high intensity peak for aluminum. Table 
9.2 is the quantitative EDS analysis of elements which shows high weight percentage of 
aluminum and oxygen on the worn ball surface.  This is indicator of higher amount of Al-
rich transfer layer from the wear track to ball as a result of severe wear of coating. 
 
Elemental X-ray mapping (Figure 9.7) shows the distribution of aluminum, 
oxygen, carbon, silicon and nitrogen on the worn surface of the ball at 873 K. Higher 
transfer layer from the coating to ball suggest severe wear of the coating.  Severe wear of 
the coating at 873 K also has an adverse effect on the toughening mechanism offered by 
CNTs.  Due to severe wear of coating, some of the reinforced CNTs might get exposed to 
an ambient temperature (873 K) resulting in oxidation of CNTs.   
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Figure: 9.6: (a) unworn surface (US) of Si3N4 ball (b) worn surface (WS) of Si3N4 ball 
after the wear test at 873 K (c) EDS spectra collected from the worn surface of ball  
 
Table 9.2: Quantitative results of elements present on the worn surface of Si3N4 ball at 
873 K. 
 
 
 
 
 
Element Wt. % At. % 
CK 04.81 07.81 
NK 08.59 11.97 
OK 36.62 44.65 
AlK 29.66 21.44 
SiK 20.33 14.12 
(d)(c)
(a) (b) (a) (b)
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Figure 9.7: X-ray map of worn surface of Si3N4 ball after the wear test at 873 K showing 
(a) back scattered image of worn surface (b) distribution of aluminum(c) distribution of 
silicon (d) distribution of carbon (e) distribution of nitrogen (f) distribution of oxygen 
 
(a) 
(b) 
(d) (c) 
(f) (e) 
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Osswald et al.[151] monitored the oxidation of CNTs by Raman spectroscopy and 
concluded that oxidation of CNT occurs above 440°C with a severe rate at 550°C-600°C. 
Li et al. [152] also concluded that oxidation of CNTs occurs in the temperature range of 
480°C-750°C in air. Oxidation of CNT might lead to defect generation in CNT structure 
which has been studied by collecting Raman spectra from the wear tracks of HD-A4C-
SD and HD-A8C-SD coatings at 873 K. Figure 9.8 shows the Raman spectra for unworn 
and worn surfaces of HD-A4C-SD and HD-A8C-SD coatings at 873 K.  ID/IG ratios in 
Table 9.3 were calculated from the spectra. ID/IG ratio was slightly higher for the wear 
surfaces of HD-A4C-SD and HD-A8C-SD coatings at 873 K as compared to unworn 
coating surface. Increased ID/IG ratio is the indication of more defects in the CNTs in the 
worn surface of HD-A4C-SD and HD-A8C-SD coatings which might be due to oxidation 
of CNTs at elevated temperature (873 K).  This might degrade the toughening effect of 
CNT to some extent and lower the wear resistance.  
 
It is well known that high temperature hardness of the ceramics decreases 
exponentially. Wang et al. [153] studied the temperature dependence of ceramic hardness 
and found that hardness of Al2O3 exponentially decreases with the increasing temperature 
(Equation-9.5) 
                                                           aTeHH  0                                                          (9.5) 
 
where Ho and  are the constants determined from the experimental data, and T is the test 
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Figure 9.8: Raman spectrum of unworn surface (US) and worn surface (WS) of HD-A4C-
SD and HD-A8C-SD coating at 873 K.  
 
Table 9.3: Ratio of intensity of D and G peaks obtained from Raman Spectroscopy of 
unworn surface (US) and worn surface (WS) of HD-A4C-SD and HD-A8C-SD coating at 
873 K.  
 
 
 
Coating  ID IG ID/IG 
US-HD-A4C-SD Coating 88 99 0.88 
WS-HD-A4C-SD Coating 154 159 0.96 
US-HD-A8C-SD Coating 191 200 0.95 
WS-HD-A8C-SD Coating 247 251 0.98 
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temperature (°C).  The hardness of Al2O3 reduces by ~29% at 300°C and 67% at 600°C 
[153]. It is expected that hardness of all HD and LD coatings decreases at the elevated 
test temperature resulting in more severe wear.  
 
However, with the increasing CNT content, improvement in wear resistance was 
observed for HD and LD coatings at all temperatures as shown in Figure 9.9. Figure 9.9a 
shows cumulative wear weight loss of HD and LD coatings at 298 K.  Figures 9.9b and c 
show cumulative wear weight loss of HD and LD coatings at 573 K and 873 K 
respectively. Relative increase in the wear resistance of CNT reinforced coating at higher 
temperature is attributed to higher fracture toughness of CNT reinforced coatings. Evans 
and Marshall equation (Equation 8.2) confirms that higher fracture toughness of material 
results to higher wear resistance of the coating [110]. CNT reinforcements also offer the 
toughening mechanisms which contribute towards the higher wear resistance of coating. 
Figures 9.10a and b show the CNT bridging between the splats in wear tracks of HD-
A4C-SD and HD-A8C-SD coatings at 873 K.  Figures 9.10 c and d show the CNT 
bridging between the splats in wear tracks of LD-A4C-SD and LD-A8C-SD coatings at 
873 K. CNT bridging reduces the degree of material removal by resisting the crack 
propagation. It is true that oxidation of CNT may degrade the toughening effect to some 
extent and lower the wear resistance. However, our results indicate that CNT reinforced 
coatings displayed improved wear resistance even at higher temperature. 
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Figure 9.9: Cumulative wear weight loss (after linear sliding distance of ~565 meters) as 
function of CNT content for (a) HD-A-SD and LD-A-SD coating at 303 K (b) HD-A4C-SD 
and LD-A4C-SD coating at 573 K (b) HD-A8C-SD and LD-A8C-SD coating at 873 K 
(c) 
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Figure 9.10: High magnification image of wear surface (a) HD-A4C-SD coating at 873 K 
(b) HD-A8C-SD coating at 873 K (c) LD-A4C-SD coating at 873 K (d) LD-A8C-SD 
coating at 873 K, showing the CNT bridging between the splats. 
 
Coefficient of friction (COF) of all coatings was also evaluated at elevated temperatures. 
Figures 9.11a-c show COF plots of HD coatings at 298 K, 573 K and 873 K respectively. 
Figures 9.11d-f show COF plots of LD coatings at 298 K, 573 K and 873 K respectively.  
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(a) (b)
(c)
(b) (e) 
(f) 
(a) (d) At 298 K At 298 K 
(c) 
Figure 9.11: Coefficient of friction (COF) with sliding distance at normal load of 30 N for 
wear track of (a) HD coating at 298 K (b) HD coating at 573 K (c) HD coating at 873 K (d) 
LD coating at 298 K (e) LD coating at 573 K (f) LD coating at 873 K 
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Compared to COF curve at 298 K, slightly higher COF was observed for all HD and LD 
coating at elevated temperatures. This is attributed to higher wear loss and debris 
generation in all HD and LD coating resulting in higher COF at elevated temperatures.  
Further, higher fluctuations were observed in COF for LD coatings as compared to HD 
coatings for all temperatures. This is attributed to higher wear loss and debris generation 
and repeated formation and breakage of tribochemical film at elevated temperature. COF 
was marginally lower for CNT reinforced HD and LD coatings at elevated temperature 
which is attributed to the lubrication effect of graphite layers.  
 
Figures 9.12 and 9.13 show the direct effect of porosity on the wear resistance of 
coatings at 573 and 873 K. Lower porosity in the coating resulted in lower wear weight  
 
 
 
 
 
 
 
 
 
Figure 9.12: Effect of porosity on high temperature (573 K) wear weight loss of HD and 
LD coating. Percentage value shown inside the pyramid represents the porosity in the 
coating. 
4.2 % 
6.1 % 
5.6 % 
3.5 % 
3.0 % 
4.7 % 
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Figure 9.13: Effect of porosity on high temperature (~873 K) wear weight loss of HD and 
LD coating. Percentage value shown inside the pyramid represents the porosity in the 
coating. 
 
loss at high temperatures. Hence, tailoring the porosity to lower level by optimizing 
plasma process parameters leads to higher wear resistance of coating even at higher 
temperature.  
 
 
9.2 High Temperature Tribological Behavior of CVD Al2O3-CNT Coatings 
 
Figure 9.14 shows the wear weight loss of Al2O3 and ICP-1 coatings at room 
temperature, 573 K and 873 K. It is emphasized that wear test for Al2O3 and ICP-1 
coatings was conducted using WC ball as counter body. The weight loss increases with 
the temperature for Al2O3 coating while its decreases for ICP-1 coating. At room 
4.2 % 
6.1 % 
5.6 % 
3.5 % 
3.0 % 4.7 % 
 181
temperature, relative improvement in the wear resistance of ICP-1 coating was found to 
be 12% while at 573 K and at 873 K, relative increase in the wear resistance of ICP-1 
coating was found to be 56% and 82%, respectively. Wear surface of both coatings have 
been analyzed carefully to understand the high temperature tribological behavior of the 
coatings. 
 
 
 
 
 
 
 
 
 
Figure 9.14: Wear 
weight loss of Al2O3 coating and ICP-1 coating at 298 K, 573 K and at 873 K. At 298 K, 
relative improvement in wear resistance of ICP-1 coating was 12% while at 573 K and at 
873 K, relative increase in the wear resistance of ICP-1 coating was 56% and 82% 
respectively. 
 
Figures 9.15a-c shows the micrographs of the wear surfaces of the Al2O3 coating 
sliding against WC ball at 298 K, 573 K and at 873 K respectively. Similarly, Figures 
9.15d-f are the micrographs of the wear surface of the ICP-1 coating at 298 K, 573 K and  
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Figure 9.15: Wear surface topography after the linear sliding distance of ~565 meters (a) Al2O3 
coating at 298 K showing smooth wear surface and occasional pull out (b) Al2O3 coating at 573 
K showing rough surface and covered with smooth thin film (c) Al2O3 coating at 873 K 
showing rough surface and covered with smooth thin film (d) ICP-1 coating at 298 K showing 
smooth wear surface and occasional pull out (e) ICP-1 coating at 573 K showing rough surface 
and covered with smooth thin film (f) ICP-1 coating at 873 K showing rough surface and 
covered with smooth thin film 
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873 K respectively. SEM images in Figures 9.15 a and d show the mild wear occurs in 
both coatings at room temperature resulting in smoother surface. Occasional pull-out of 
lamellae was also observed at the room temperature. In contrast, wear surface had rough 
surface and was covered with discontinuous smooth thin film at elevated temperatures, as 
shown in Figures 9.15b, c, e, and f. Rough wear surface indicates the phenomena of 
severe wear while the discontinuous smooth thin film from due to  tribochemical reaction 
at the elevated temperatures. Similar, wear phenomena has been observed for WC 
counterface.  Figure 9.16a and b shows the unworn and worn surface of the WC ball. 
Compared to unworn surface, worn surface has rough region indicating the severe wear 
phenomena. Also, discontinuous thin film was also observed at the worn surface which 
might be due to tribochemical reaction.  
 
Figure 9.16: SEM micrograph of unworn WC ball (b) worn WC ball after wear at 873 K 
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Figure 9.17 shows the elemental X-ray maps of wear track of Al2O3 coating at 
873 K. Figure 9.17a is the back scattered image of wear track and Figures 9.17b and c 
confirm the formation of thin film containing large amount of tungsten with traces of 
cobalt respectively. Presence of tungsten and cobalt in the wear track suggests that 
tungsten carbide ball oxidized at the elevated temperature and a layer was transferred to 
the wear surface of the coatings. Figures 9.17d and e showed the signature of aluminum 
(Al) and oxygen (O) respectively which has come from the Al2O3 matrix while Figure 
9.17f showed the presence of carbon (C) which might have come from protective film of 
WC. Figure 9.18 is the elemental X-ray map of wear track of ICP-1 coating at 873 K. 
Figure 9.18a is the back scattered image of wear track and Figure 9.18b and c confirms 
the presence of tungsten and cobalt respectively in the wear track which is as a result of 
transferred oxidation product of tungsten carbide ball. Similar to wear track of Al2O3 
coating, wear track of ICP-1 coating also gave the signature of Al (Figure 9.18d), O 
(Figure 9.18e), and C (Figure 9.18f). Similar phenomenon was observed at 573 K but 
only 873 K results are presented for the sake of brevity.    
 
 
Oxidation reactions of WC-Co at room temperature and elevated temperature 
were analyzed with the help of FactSage thermochemistry software [146]. Equations 9.6-
9.9 show probable oxidation reactions at difference temperatures and their associated 
Gibbs free energy. All reactions show formation of WO3 as the reaction product. 
Moreover, Gibbs free energy becomes increasingly negative with the increasing 
temperature confirming thermodynamic stability of WO3 formation. Oxidation product 
also shows the formation of cobalt tungstate (CoWO4) complex oxide and gaseous 
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Figure 9.17: X-ray map of wear track of Al2O3 coating at 873 K showing (a) back 
scattered image of wear track (b) distribution of tungsten (c) distribution of cobalt (d) 
distribution of aluminum (e) distribution of oxygen (f) distribution of carbon. 
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(f)
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(e) Co AlFigure 9.18: X-ray map of wear track of ICP-1 coating at 873 K showing (a) back scattered 
image of wear track (b) distribution of tungsten (c) distribution of cobalt (d) distribution of 
aluminum (e) distribution of oxygen (f) distribution of carbon.
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carbon dioxide (CO2). Voinovich et al. [154] mentioned that cobalt binder undergo more 
intensive oxidation and form complex oxide CoWO4 with WO3 
 
At 298 K:     0.94 WC + 0.06 Co + 1000 O2 = 997.5 O2 + 0.93 CO2 + 0.88 WO3 +  
                                                                            0.06 CoWO4         ΔG = -45.1 *103 kJ  (9.6) 
 
At 573 K:     0.94 WC + 0.06 Co + 1000 O2 = 997.5 O2 + 0.93 CO2 + 0.88 WO3 +  
                                                                            0.06 CoWO4         ΔG = -88.7 *103 kJ  (9.7) 
 
 
At 873 K:     0.94 WC + 0.06 Co + 1000 O2 = 997.5 O2 + 0.93 CO2 + 0.88 WO3 +  
                                                                          0.06 CoWO4         ΔG = -141.1 *103 kJ  (9.8) 
 
 
At 1173 K:    0.94 WC + 0.06 Co + 1000 O2 = 997.5 O2 + 0.93 CO2 + 0.88 WO3 +  
                                                                          0.06 CoWO4          ΔG = -197.1 *103 kJ (9.9) 
 
 
The formation of WO3 film was experimentally validated by performing XPS 
analysis of the wear surface of the coatings at elevated temperature (873 K). XPS 
technique allowed measurement of the oxidation state of very thin layer on the wear track 
(EDS results also confirmed the presence of the W, Co and Al in the wear track).  The 
XPS analysis on the worn surfaces (873 K ) of Al2O3 and ICP-1 coatings  reveals the 
presence of tungsten 6+ valence state as shown in survey and multiplex XPS data (Figure 
9.19a & b). The major peak of W6+ (4f7/2) was observed near 35.4 eV which is in good 
agreement with the reported literature value [155]. Because the tungsten is most stable in 
its 6+ oxidation state this confirm the formation of thin oxide layer of WO3. It has been 
reported that the WC-Co has shown excellent wear resistant at ambient temperature and 
has poor high temperature oxidation resistant and degrade by forming oxide [156, 157]. 
A similar behavior is observed in the present study where WC degraded at 873 K to form 
a transfer layer on the coating.  
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Figure 9.19: XPS spectra collected from (a) wear track of Al2O3 coating at 873 K (b) 
wear track of ICP-1 coating at 873 K. Both the spectra shows the major peak of W6+ 
(4f7/2) confirming the formation of thin WO3 layer on the surface of wear track. 
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The percentage of area covered by the transferred thin film (WO3 and traces of 
Co) on the wear track of coating was measured from three or more wear track images 
using Image J software. Table 9.4 shows the fraction of the area coverage of the 
transferred WO3 film on Al2O3 and ICP-1 coatings at different temperatures. From Table 
9.4, it can be concluded that amount of transfer layer on the  
 
Table 9.4: Area fraction of transferred thin film on the wear track* 
*No film formation was observed on the wear track at 298 K. 
 
wear track increases with the increasing temperature for both coatings indicating the 
higher rate of tribo-oxidation reaction at the elevated temperature. Further, higher transfer 
of WO3 containing film in case of ICP-1 coating is attributed to the higher hardness of 
ICP-1 coating which leads to more intense wear of WC ball.  It is recalled that transferred 
thin film to the wear track acts as a protective layer and can protect the surface effectively 
against further wear of coating[112, 147]. This phenomenon dominates in the ICP-1 
coating which shows the higher area fraction of the transfer film at 873 K and hence least 
wear (Figure 9.14).   
 
Increasing weight loss of Al2O3 coating with temperature (as seen in Figure 9.14) 
can be understood in terms of two competing phenomenon: (i) hardness of Al2O3 coating 
 
Area fraction of 
transferred thin film at 
573 K 
Area fraction of 
transferred thin film at 
873 K  
Wear track of Al2O3 Coating 0.20 
0.52 
 
Wear track of ICP-1 Coating 0.27 0.72  
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which decrease with temperature increase and (ii) presence of protective layer at the 
elevated temperature. Evans and Marshall equation [110] (Equation 8.2) clearly indicates 
that high fracture toughness of the material will result in enhanced wear resistance of the 
coating at room temperature. However, with the increase in temperature, elastic modulus 
and hardness both changes and can affect the wear property of the material. Gonzalez et 
al. [158] mentioned that elastic modulus of Al2O3 decreases very slowly up to about 
600°C (873 K) and decreases more sharply above this temperature.  
 
Recalling Equation 9.5 (i.e. temperature dependence of ceramic hardness), it is 
expected that hardness of Al2O3 coating decreases with the elevated temperature which 
will ultimately lead to high wear rate of the coating.  Since, small area (20%) of wear 
surface of Al2O3 coating is covered with the protective layer at 573 K, severe wear occurs 
at the unprotected area due to reduced hardness.  Ultimately, severe wear of unprotected 
surface dominates over the protective layer and hence total wear loss of the Al2O3 coating 
increased at 573 K in comparison to 298 K. In case of 873 K, even if the wear surface of 
Al2O3 coating is half (~52%) covered with protective layer, it is expected that there is 
drastic reduction (~67%) in hot hardness of Al2O3 coating at 873 K leading to severe 
wear in the unprotected area.  The degree of material removal is more intense in case of 
873 K than 573 K due to very low hardness of Al2O3 coating at 873 K.  Hence, highest 
wear loss is observed for Al2O3 coating at 873 K. 
 
In contrast, wear loss of ICP-1 coating shows a decreasing trend with the 
increasing temperature. Figure 9.20a shows the CNT bridging in the wear track of ICP-1 
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coating at 573 K. CNT bridges increases very likely coating cohesion (cohesion between 
splats) to reduce the wear loss. Even if the hardness of ICP-1 coating decreases at 573 K, 
ICP-1 coating has higher hardness (~15%) and higher elastic modulus than Al2O3 coating 
and relatively large part (27 %) of the wear surface is covered with the protective layer. 
CNT bridging was also observed in the wear track of ICP-1 coating at 873 K (Figure 
9.20b). Further, 72% of the wear surface is covered with the protective layer in ICP-1 
coating at 873 K. These two mechanisms dominate over the wear of the ICP-1 coating 
due to lower hardness at 873 K and hence overall wear resistance of ICP-1 coating 
increased at 873 K. Also, relative higher transfer of protective layer in the wear track of 
ICP-1 coating at the elevated temperature contributes towards the weight gain of the ICP-
1 coating and hence shows lower wear loss.  
 
Figure 9.20: High magnification SEM image of wear track (WT) of (a) ICP-1 coating at 
573 K and (b) ICP-1 coating at 873 K showing the CNT bridging between the splats. 
 
(b) (a) 
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The stability of CNT structure at elevated temperatures has been debated by 
several researchers. CNT oxidation at the elevated temperature can significantly degrade 
its mechanical properties [159]. Researchers have different opinion on the oxidation 
behavior of CNTs at elevated temperature [151, 160-162],which is already explained in 
section 9.1. It is recalled, oxidation of CNT occurs above 440°C with a severe oxidation 
at 550°C-600°C [151]. However, Zhang et al. [162]  mentioned that oxidation resistance 
of CNTs depends on the degree of graphitization, content of the metallic catalyst particle, 
surface group and the local heat effects. Purified MWCNT exhibits higher activation 
energy for oxidation [162] (activation energy for oxidation of as-received MWCNT: 
166.38 kJ/mol, activation energy for oxidation of purified CNT: 287.13 kJ/mol) resulting 
in improved oxidation resistance in air than as-received CNTs [162]. Similar finding was 
observed by Huang et al. [160], who mentioned that purified CNT is more stable towards 
oxidative destruction than the raw CNTs. 
 
ID/IG ratio was calculated for the ICP-1 powder and for ICP-1 coating from Figure 
6.8, which has been tabulated in Table 6.2. The ID/IG ratio for starting ICP-1 powder is 
1.56 which decreased to 0.98 for plasma sprayed ICP-1 coating. Reduction in ID/IG ratio 
indicates the lower defect and high purity of CNTs in the ICP-1 coating. Several studies 
have confirmed the purification and graphitization of CNTs at high temperature [141, 
144, 160, 161]. Huang et al. [160] performed high temperature (2000°C) annealing of 
CNT and found that purity of CNT increased resulting in higher degree of graphitization. 
High temperature annealing of CNTs leads to refinement of graphene shell structure 
[152] by (a) reducing the interlayer spacing between CNT walls and (b) by eliminating 
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the catalyst particle embedded in CNT i.e. by sublimation of catalyst particle. It is 
envisaged that higher degree of graphitization and purification of CNT also contributes 
towards the enhanced oxidation resistance of CNTs in ICP-1 coating.  
 
In order to compare the defect generation/graphitization in the CNTs in wear track of 
spray dried coating and ICP-1 coating at elevated temperature (873 K), Raman spectrum 
was collected from the worn surface of ICP-1 coating at 873 K.  
 
Figure 9.21 is the Raman spectra collected from worn surface of ICP-1 coating at 
873 K and Table 9.5 is the calculated ID/IG ratio from the spectra. Lower ID/IG ratio was 
observed from worn surface of ICP-1 coating at 873 K (Table 9.5) which is opposite to 
worn surface of HD-A4C-SD and HD-A8C-SD coating at 873 K where higher ID/IG ratio 
was observed (Table 9.3). Lower ID/IG ratio in ICP-1 coating indicates the graphitization 
in the wear track while higher ID/IG ratio in the spray dried coating indicates more defect 
generation which might be due to oxidation of CNTs. This is a complex phenomenon to 
understand. Lower ID/IG ratio in ICP-1 coating might be due to combined effect of 
following facts: (i) enhanced oxidation resistance of CNTs in ICP-1 coating as explained 
in above section (ii) ~72% of the wear surface of ICP-1 coating is covered with 
protective layer resulting lesser chance of CNTs to get exposed in the ambient 
atmosphere (873 K) and (iii) continuous abrading of the wear surface might lead to 
exposed graphene layer of CNTs from the uncovered area of the wear track. However, 
compared to ICP-1 coating, slightly higher ID/IG ratio from the wear surface of HD-A4C-
SD and HD-A8C-SD coating could be as a result of negligible presence of protective 
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layer on the worn surface of coating. This leads to severe wear of the coating as 
explained earlier and hence higher probability of CNTs to get exposed in the ambient 
atmosphere (873 K) causing more defect generation in CNT structure. Also, compared to 
ICP-1 coating, higher amount of CNT (4 wt. %, 8 wt. %) are present in spray dried 
coating. This might also lead to higher ID/IG ratio as there is higher probability of large 
amount of CNTs to be present in wear debris which is exposed to ambient atmosphere 
(873 K).  
 
 
 
 
 
 
 
 
Figure 9.21: Raman spectra of unworn surface (US) and worn surface (WS) of ICP-1 
coating at 873 K.  
 
Table 9.5: Ratio of intensity of D and G peaks obtained from Raman Spectroscopy of 
unworn surface (US) and worn surface (WS) of ICP-1 coating at 873 K.  
  Position of D peaks Position of G peaks ID/IG 
US of ICP-1 Coating 1353 1589 0.98 
WS of ICP-1 Coating 1354 1580 0.54 
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COF of Al2O3 and ICP-1 coatings as a function of sliding distance at room 
temperature are shown in Figure 9.22a. Coefficient of friction is almost similar (~0.7) for 
Al2O3 coating at room and elevated temperature. It is recalled that wear surface at the 
room temperature was smooth due to mild wear. Higher fluctuations were observed for 
COF of Al2O3 coating at 873 K (Figure 9.22b) which is attributed to the debris generation 
during severe wear condition. The large amount of wear debris dominates the protective 
film formation and hence results in higher fluctuations in COF for Al2O3 coating at 873 
K. In contrast, ICP-1 coating has relatively large area (~72%) of wear surface covered 
with protective layer at 873 K.  Hence, film formation dominates over wear debris 
generation leading to lesser fluctuation in COF value at 873 K (Figure 9.22b). 
 
Figure 9.22: Coefficient of friction (COF) of wear track of Al2O3 and ICP-1 coating at (a) 
room temperature (RT) (b) elevated temperature (873 K) 
 
 
At 298 K 
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It can be concluded that tribochemical film formation and CNT reinforcement 
play important roles at high temperature tribological behavior of HD and LD coatings. 
Counter body has significant effect in the tribochemical film formation. Protective film 
was observed on the wear track of ICP-1 coating when sliding against WC ball at 
elevated temperature. With the increasing CNT content, improvement in wear resistance 
was observed for both spray dried and ICP-1 coatings.  
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10. SPLAT FORMATION in Al2O3-CNT COATINGS 
 
 
Splat is the smallest unit of microstructure of plasma sprayed coatings. The 
properties of the coatings are largely dependent on the splat morphology and their 
stacking.  Incomplete melting and improper stacking of splats can result in porosity, poor 
adhesion at the inter-splat boundary, and micro-cracks, which can severely degrade the 
properties of the coatings. Hence splat formation and its morphology play the most 
significant role in dictating the coating properties. The splat morphology mainly depends 
on (i) feedstock material properties, (ii) in-flight thermal and kinetic state of the particle 
and (iii) substrate roughness and temperature. In this section, splat formation mechanism 
and morphology in high and low density Al2O3-CNT coatings is studied. The role of 
processing conditions and CNTs in splat formation is addressed. Single splat experiments 
were restricted to spray dried powder due to lack of CVD grown ICP powder. Splat 
experiments were conducted using the optimized plasma parameters for synthesizing HD 
and LD coatings.  The aim of selecting these parameters was to understand the splat 
formation in HD and LD coatings which causes different level of porosity. Splats 
synthesized at HD coatings parameters will be referred as “HD splats” whereas splats 
synthesized at LD coating parameters will be referred as “LD splats”. HD splats 
containing 0 wt. % CNT, 4 wt. % CNTs, 8 wt. % CNTs will be referred as HD-A-SD, 
HD-A4C-SD, and HD-A8C-SD respectively.  LD splats containing 0 wt. % CNT, 4 wt. 
% CNTs, 8 wt. % CNTs will be referred as LD-A-SD, LD-A4C-SD, and LD-A8C-SD 
respectively. Plasma parameters for synthesizing both set of splats are tabulated in Table-
10.1. In-flight particle temperature and velocity measured during the synthesis of  
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Table 10.1: Plasma process parameters for synthesizing HD and LD splats 
 
HD and LD splats are tabulated in Table-10.2 and Table-10.3 respectively. Since splat 
morphology also depends upon the substrate roughness, polished (Ra = 0.03 µm) and grit 
blasted substrate (Ra = 2.40 µm) were considered as a variable. Two different substrate 
temperatures (453 K and 553 K) were selected to understand the effect of substrate 
preheating on the splat formation. Substrate conditions are tabulated in Table 10.4. It 
should be noted that HD and LD coatings were deposited on the grit blasted substrate (Ra 
= 2.40 µm) which was preheated to 453 K. Hence, similar substrate condition was kept 
for synthesizing the one set of splats.  
 
 
 
 
Plasma process parameters for synthesizing “HD” splat 
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the substrate 
 
Powder feed 
rate 
(gram/min.) 
850 40 56.6 59.5 75 3 
Plasma process parameters for synthesizing “LD” splat 
Current  (A) Voltage  (V) 
Primary 
Gas, Argon 
(slm) 
Secondary 
Gas, Helium  
(slm) 
Stand-off (mm) 
from the substrate 
 
Powder feed 
rate 
(gram/min.) 
750 40 42.5 59.5 75 3 
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Table 10.2: Measured in-flight particles temperature and velocity during synthesis of HD 
splat  
 
 
  
 
Table 10.3: Measured in-flight particles temperature and velocity during synthesis of LD 
splat  
 
 
 
 
Table 10.4: Substrate condition for synthesizing HD and LD splats 
 
 
 
 
Splat formation can be optimized by experimentation but it requires extensive and 
time consuming experiments due to large number of processing variables involved in 
plasma spraying. Splat morphology simulation for the given processing variables can 
save considerable amount of time. In this study, splat morphology simulation has also 
been performed using SIMDROP (Simulent Drop 3.0, Simulent Inc, Toranto, Canada) 
and comparison has been made with the experimentally obtained splats. The single splat 
morphology has been correlated with fracture toughness and wear resistance of coatings.  
 
 Temperature (K) Velocity (m/s) 
HD-A-SD 2745±9 338±0.66 
HD-A4C-SD 2423±14 319±0.79 
HD-A8C-SD 2397±12 314±0.84 
 Temperature (K) Velocity (m/s) 
LD-A-SD 2495±11 275±0.81 
LD-A4C-SD 2319±9 274±0.73 
LD-A8C-SD 2306±7 271±0.64 
Substrate condition 
Substrate material Plain carbon steel 
Substrate roughness (Ra) 0.03,  2.40 
Substrate preheat temperature (K) 453, 553 
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10.1 Effect of Substrate Roughness on Splat Formation 
 
Figures 10.1a and b show the HD-A-SD splats on grit blasted steel (Ra = 2.4 µm) 
and polished steel substrates (Ra = 0.03 µm) at an initial substrate temperature of 453 K. 
Due to difficulties in observing the splats on the rough substrate, even with the back 
scattered electron mode of SEM, splat studies are usually performed on the polished 
substrate. Similar reason has been mentioned in the literature [115, 163]. Fauchis et al. 
[115] reported that, 98% of the studies related to splat formation were conducted on the 
smooth substrate (Ra < 0.2 µm).  
 
 
 
 
 
 
 
 
 
 
Figure 10.1: Plasma sprayed single splat of HD-A-SD on (a) grit blasted (GB) substrate 
(b) polished substrate, at initial substrate temperature of 453 K. 
Comparing between Figures 10.1a and b, splats obtained on the grit blasted 
substrate are severely splashed and fragmented whereas splats on the smooth surface 
have a shape of   disc type or disc with fingers. No fragmentation similar to rough grit 
HD-A-SD-GB-453 K HD-A-SD-Polished-453 K 
(b) (a) 
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blasted surface was observed in Figure 10.1b.   The reason behind severely splashed and 
fragmented splat on the rough substrate is that presence of surface irregularities increase 
the friction of flowing liquid droplet which leads to splash formation. Moreau et al. [164] 
studied the effect of surface roughness for molybdenum (Mo) single splat on the glass 
substrate with varying roughness (Ra) from 0.2 µm to 9.6 µm. A decrease in flattening 
degree from 7.4 on a smooth substrate to 3.9 on grit blasted substrate was observed, 
which was attributed to the surface asperities limiting the material flow [164].  Jiang et al. 
[165] also studied the single splat of Mo on grit blasted steel substrate (Ra = 3.4) and 
observed severe splashing of the splats, which was attributed to asperities and air pocket 
entrapped under the liquid droplet. These air pockets expand by the input of heat supplied 
by the liquid droplet and cause the breakup of splat into small pieces [165].  Apart from 
the substrate roughness,, the substrate temperature also  affects the splat morphology [10, 
115, 117]. The effect of substrate preheat temperature on splat formation is discussed in 
the next section. All single splat experiments presented here were done on smooth surface 
with Ra= 0.03 µm. 
 
 
10.2 Effect of Substrate Temperature on Splat Formation 
 
Figure 10.2 shows a matrix of splats obtained for HD and SD coatings for all 
three compositions at substrate temperature of 453 and 553 K.  The aim of showing all 
HD and LD splats images together is to highlight the effect of substrate temperature and 
CNT content on the splat morphology. Figure 10.3 is the corresponding high 
magnification image of Figure 10.2. HD splat morphology changed from splashed and 
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fragmented to almost disc-shaped with an increase in substrate temperature from 453 to 
553 K. Similar phenomena was observed in case of LD splats at 453 K and 553 K.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.2: Low magnification image of plasma sprayed single splat on polished steel 
substrate for (a) HD-A-SD  (b) HD-A4C-SD (c) HD-A8C-SD, at initial substrate 
temperature of 453 K (d) HD-A-SD (e) HD-A4C-SD (f) HD-A8C-SD, at initial substrate 
temperature of 553 K (g) LD-A-SD (h) LD-A4C-SD (I) LD-A8C-SD, at initial substrate 
temperature of 453 K (j) LD-A-SD (k) LD-A4C-SD (l) LD-A8C-SD at initial substrate 
temperature of 553 K.  
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Figure 10.3: High magnification SEM image of plasma sprayed single splat on polished 
steel substrate for (a) HD-A-SD  (b) HD-A4C-SD (c) HD-A8C-SD, at initial substrate 
temperature of 453 K (d) HD-A-SD (e) HD-A4C-SD (f) HD-A8C-SD, at initial substrate 
temperature of 553 K (g) LD-A-SD (h) LD-A4C-SD (I) LD-A8C-SD, at initial substrate 
temperature of 453 K (j) LD-A-SD (k) LD-A4C-SD (l) LD-A8C-SD at initial substrate 
temperature of 553 K.  
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An average splat diameter for each case is determined and plotted in Figure 10.4. Figures 
10.4a and b shows the variation in splat diameter as a function of substrate preheat 
temperature for HD and LD splats respectively. Diameter of the fingered splat was 
calculated by measuring the radius of the splat from the center to the end of the finger. 
Splat diameter increases with an increasing substrate preheat temperature. The average 
length of the fingers radiating from the periphery of the splat reduced at higher substrate 
temperature as seen in Figure Figures 10.5a and b.   
 
 
 
 
 
 
Figure 10.4 Variation in average splat diameter with function of substrate preheat 
temperature for (a) HD splats (b) LD splats 
Figure 10.5 Variation in finger length with function of substrate preheat temperature for 
(a) HD splats (b) LD splats 
(a) (b) 
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Though there are few studies [10, 115, 117] which deal with the effect of 
substrate temperature on splats morphology, still the exact mechanism of splat formation 
is not completely known. The transition temperature at which splat morphology changes 
from splashed and fragmented disc to contiguous disc shape further complicates this 
issue. Vardelle et al. [166] mentioned that nucleation is delayed at higher substrate 
temperature and the splat remains in molten liquid stage until the spreading is completed. 
Fukomoto et al. [167] reported that above the transition temperature, solidification of the 
molten droplet slowed down causing more uniform solidification and hence it does not 
inhibit the droplet spreading. Splashing and finger formation phenomena at lower 
substrate temperature (453 K) can be related to localized solidification of the molten 
droplet which can obstruct the outward spreading liquid resulting in splashing and fingers 
formation. At higher substrate temperature (553 K), better contact and uniform heat 
conduction can lower the chance of localized solidification or even delay its initiation 
until the spreading is completed. This is a plausible reason for relatively higher splat 
diameter and smaller finger length at higher substrate temperature. Apart from the 
substrate temperature, CNT content can also affect the splat morphology which is 
discussed in the next section. 
 
10.3 Effect of CNT Content on Splat Formation 
 
Effect of CNT content on splat morphology can be observed at each substrate 
temperature for HD and LD splats. Among HD splats at 453 K (Figures 10.2a-c), lower 
degree of splashing has been observed with an increasing CNT content. Further, Figure 
10.4a and b, suggest that with the increasing CNT content, splat diameter increased for 
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HD an LD splat respectively. Similarly, Figure 10.5a and b shows that with the 
increasing CNT content, finger length decreased for HD and LD splat respectively.  To 
further see the effect of CNT content, splats geometry has been categorized into four 
different types as shown in Figures 10.6: (a) disc shape splat (b) splats with finger (c) 
fragmented splats and (d) splats having pores. Population density of these splats has been 
plotted as a function of CNT content. Figures 10.7 a-b shows the population density for 
four types of splat among HD splats at 453 K and 553 K respectively.  
 
 
 
 
 
Figure 10.6: Schematic showing different morphology of splats 
 
Similarly, Figures 10.7c-d shows the population density for different types of splat 
among LD splats at 453 K and 553 K respectively. It interesting to observe that with an 
increasing CNT content, percentage of disc shape splats increased for all the cases. 
Population density of splats with finger, fragmented splat and splat having void is lowest 
for highest (8 wt. %) CNT content. To understand the mechanism behind relatively 
higher splat diameter, lower finger length, and increased percentage of disc shaped splat, 
splats were observed in SEM at high magnification. Figures 10.8a-b shows the single 
splat of HD-A4C-SD and HD-A8C-SD at 453 K respectively while Figure 10.8c-d shows 
the single splat of LD-A4C-SD and LD-A8C-SD. It is observed that CNTs are well  
(a) (b) (b) (d) 
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Figure 10.7: Population density of different type of splats as function of CNT content for 
(a) HD splats at 453 K (b) HD splats at 553 K (c) LD splats at 453 K (d) LD splats at 553 
K 
 
distributed in the splat matrix. Higher magnification images of HD-A4C-SD (Figure 
10.9a) and HD-A8C-SD (Figure 10.9b) show the CNT agglomeration at the splat 
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periphery. Higher magnification images of LD-A4C-SD (Figure 10.9c) and LD-A8C-SD 
(Figure 10.9d) splat also show the CNT agglomeration at the splat periphery. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.8: SEM image showing single splat of (a) HD-A4C-SD (b) HD-A8C-SD (c) 
LD-A4C-SD (d) LD-A8C-SD, at initial substrate temperature of 453 K. 
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There are two simultaneously competing phenomena can be observed with increasing 
CNT addition which are responsible for increased splat diameter and increased 
percentage of disc shaped splat. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.9: High magnification SEM image showing single splat of (a) HD-A4C-SD (b) 
HD-A8C-SD (c) LD-A4C-SD (d) LD-A8C-SD, at substrate temperature of 453 K 
 
First, “well distributed CNT” in the melt (as shown in Figure 10.8) lead to enhanced heat 
content of the melt resulting lower viscosity of the melt. Heat capacity of C (graphite) is 
HD-A4C-SD-453 K
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LD-A4C-SD-453 K 
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larger than that for Al2O3. Specific heat for graphite is 2.145 Jg-1K-1 while for Al2O3 it is 
1.358 Jg-1K-1 at measured in-flight particle temperature of 2400 K [146]. The higher heat 
content of the melt would increase the time required for heat loss to occur. Hence, 
localized solidification of the melt will be delayed which can cause the liquid instability. 
Delaying localized solidification of the melt results in enhanced spreading of the molten 
liquid resulting in higher splat diameter and smaller fingers size in CNT reinforced splat. 
(as shown in figure 10.3). Hence, relatively higher splat diameter was observed in case of 
CNT reinforced splat. Another competing factor is the “agglomeration of CNT” (as 
shown in Figure 10.9) in the periphery of the melt which might lead to increased 
viscosity. Increased viscosity of the melt will impede the further spreading of the melt 
and suppress fragmentation. Hence, higher percentage of disc shaped splat was observed 
in case of CNT reinforced HD and LD splats.  
 
Thus, this is clear that CNT plays an important role in tailoring the splats shape 
and size which ultimately affect the coatings final property. The experimental 
optimization of splat geometry by varying in-flight temperature and velocity, CNT 
content and substrate conditions requires lots of effort and time. The computer simulation 
of splat can provide valuable information about processing conditions which can be 
feedback into experiments to save lot of time. Simulation of single splat is discussed in 
the following section. 
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10.4 Splat Simulation  
 
Splat simulation was performed for HD and LD splats. Experimental data from 
the plasma spraying was used as the input parameters for simulations.  Simulated splat 
morphology was compared with experimentally obtained splats. One of the major 
challenges encountered in simulation was the non availability of the materials properties, 
especially for CNT reinforced Al2O3. The availability of thermophysical properties of 
carbon nanotubes containing materials in the literature is a rarity. Hence some of the 
thermophysical properties of CNT reinforced Al2O3 were estimated based on the rule of 
mixtures.  Table 10.5 shows the estimated values of the materials property for three 
materials (A-SD, A4C-SD, and A8C-SD), which were used as input for splat simulation 
using SIMDROP software. 
 
Table 10.6 lists droplet size, droplet temperature, droplet velocity, substrate 
temperature and substrate roughness utilized as the input parameters for HD and LD splat 
simulations. The average powder size for each composition was assumed to be the 
droplet diameter. The powder size distribution for all compositions ranged between 24-30 
μm in diameter (A-SD: 30±10 μm, A4C-SD: 26±7 μm, A8C-SD: 24±5 μm). The 
temperature and velocity of the particle were obtained experimentally using in-flight 
particle diagnostic sensor as listed in Tables 10.2 and 10.3. Substrate material was 
considered as plain carbon steel with the preheat temperature of 453 K. For the sake of 
brevity, simulation results at the substrate preheat temperature of 553 K are not included 
here. Roughness of the steel substrate was assumed as 0.03 μm for the simulation which 
was same as the polished steel substrate for splat experiment. 
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Table 10.5: Thermo-physical properties of A-SD, A4C-SD and A8C-SD. 
 
 
   
 
S. No. 
 
Property 
 
Al2O3 
 
Al2O3-4 wt. 
%CNT 
 
Al2O3-8 wt. 
%CNT 
 
 
1. 
 
Density 
(kg/m3) 
3.99 3.85 3.72 
 
 
2. 
 
Liquid phase kinematic 
viscosity 
(m2/s) 
 
1.026D-5 
at 
2200 oC 
1.098x10-5 
at 
2200 oC 
 
1.1704x10-5 
at 
2200 oC 
 
3. 
Liquid phase thermal 
conductivity (W/m-K) 
7.86 
at 
2054 oC 
204.7 
at 
2054 oC 
377 
at 
2054 oC 
 
 
4. 
Liquid Phase Specific 
Heat (Joule/Kg-K) 
1358 
at 
2054 oC 
1404 
at 
2054 oC 
1444 
at 
2054 oC 
 
 
5. 
 
Liquid Phase Surface 
Tension (Kg/s2) 
0.69 
at 
2054 oC 
0.69 
at 
2054 oC 
0.69 
at 
2054 oC 
 
 
6. 
Solid Phase Thermal 
Conductivity 
(W/m-K) 
36.16 
at 25 oC 
5.90 
at 1039 oC 
 
231.2 
at 25 oC 
202.9 
at 1039 oC 
401.9 
at 25 oC 
375.4 
at 1039 oC 
7. Solid Phase Specific Heat (Joule/Kg-K) 
772 
at 25 oC 
1273 
at 1039 oC 
1358 
at 2054 oC 
 
767.5 
at 25 oC 
1320 
at 1039 oC 
1404 
at 2054 oC 
 
763.6 
at 25 oC 
1361.8 
at 1039 oC 
1444 
at 2054 oC 
 
8. Melting Point (oC) 2054 
oC 2054 oC 2054oC 
9. Heat of Fusion (Joule/Kg) 1.16x 10
6 1.16x 106 1.16x 106 
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Table 10.6: List of molten droplet and substrate parameters used for simulation of HD 
and LD splats 
 
 
As a consequence of the splat simulation, two output files are obtained: (i) substrate 
temperature vs. time (i.e. solidification curve) and (ii) volume fraction of the solid vs. 
time. These output files provide an idea about the solidification process.  Simulation also 
results in creation of AVI files which visualizes the entire droplet impact on the substrate.   
 
Figures 10.10a, c, and e are the simulated top views of HD-A-SD, HD-A4C-SD 
and HD-A8C-SD splats. All distances in the simulated view are in millimeters (mm). The 
simulation was performed at cells per radius (CPR) value of 15. The CPR is an indicator 
of the resolution. A CPR value of 15 is considered sufficient enough to produce relatively 
accurate results. Figures 10.10b, d, f are the SEM images of the splats of HD-A-SD, HD-
A4C-SD and HD-A8C-SD at the same parameters which were used for the simulation. 
Relatively higher splashing was observed in simulated view of HD-A-SD (Figure 10.10a) 
which was also seen in the experimental result of HD-A-SD splat (Figure 10.10b).   
 
HD LD 
  
HD-A-
SD 
HD-A4C-
SD 
HD-A8C-
SD 
LD-A-
SD 
LD-A4C-
SD 
LD-A8C-
SD 
Initial particle 
radius (µm) 30 26 24 30 26 24 
Particle 
temperature (K) 2745 2423 2397 2495 2319 2306 
Particle velocity 
(m/s) 338 319 314 275 274 271 
Initial substrate 
temperature (K) 453 453 453 453 453 453 
Substrate 
roughness( µm) 0.03 0.03 0.03 0.03 0.03 0.03 
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Figure 10.10: (a) Simulated top view of HD-A-SD splat (b) SEM image of 
experimentally obtained HD-A-SD splat (c) Simulated top view of HD-A4C-SD splat (d) 
SEM image of experimentally obtained HD-A4C-SD splat (e) Simulated top view of HD-
A8C-SD splat (f) SEM image of experimentally obtained HD-A8C-SD splat 
(a) (b) 
(c) (d) 
(f) (e) 
Splashing 
Splashing 
Splashing 
Splashing 
Splashing 
Splashing 
Splashing 
Splashing 
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Lowest splashing of the droplet was observed in both simulated and experimental 
results of HD-A8C-SD splat (Figures 10.10c and f).  Figure 10.11 shows the comparison 
between simulated and experimental splats for LD-A-SD, LD-A4C-SD and LD-A8C-SD. 
Higher splashing and finger formation was observed in simulated splat  of LD-A-SD 
which matched well with the experimental result.  Finger radiating outward from the 
periphery of the LD-A4C-SD and LD-A8C-SD splats were also observed in both 
experimental and simulated results. Since, splats obtained from the experiment and 
simulation matched well, it suggests that estimation of thermophysical properties of 
Al2O3-CNT by rule of mixture holds fairly good. Also, compared to LD splats, HD splats 
do not show finger formation. Such information when obtained from simulation can be 
very useful in synthesizing the coatings and its processing without performing the 
experiments. Of course, HD splats with less fingering are more desirable than fingered 
splats in LD coatings to synthesize dense microstructure of coating.  
 
It was observed experimentally that splat diameter increases with an increasing 
CNT content.  Also, HD splats have a larger splat diameter as compared to LD splats.  In 
order to compare the experimental results with the simulated results, spreading ratio 
(D/D0) for experimental and simulated splat were plotted for HD and LD splat.  D is final 
diameter of splat and D0 is the initial diameter of the droplet. Figure 10.12 shows the 
spreading ratio as a function of CNT content for HD and LD experimentally and 
simulated obtained splats. Both the experimental and simulation results show the similar 
increasing trend in spreading ratio as a function of CNT content for HD and LD splats.  
 
 216
 
(a) (b) 
(c) (d) 
(f) (e) 
Splashing 
Broken finger 
Finger 
Splashing 
Finger 
Finger 
Finger 
Finger 
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Figure 10.11: (a) Simulated top view of LD-A-SD splat (b) SEM image of 
experimentally obtained LD-A-SD splat (c) Simulated top view of LD-A4C-SD 
splat (d) SEM image of experimentally obtained LD-A4C-SD splat (e) Simulated 
top view of LD-A8C-SD splat (f) SEM image of experimentally obtained LD-
A8C-SD splat
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Figure 10.12: Spreading ratio as a function of CNT content for experimentally and 
simulated obtained HD and LD splats 
 
Higher spreading ratio was observed for HD splats as compared to LD splats. 
However, experimentally obtained spreading ratio is lower than computed one due to 
initial powder characteristics. Spray dried powder, which contains ~30-40% of porosity, 
was used for synthesizing the splats. Due to presence of porosity, molten droplet size is 
expected to be much smaller resulting in smaller splat diameter and lower spreading ratio. 
During simulation, molten droplet size is assumed to be of as initial powder size which 
leads to larger diameter of splats as compared to experimentally obtained splats. 
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The solidification behavior during splat formation is studied as a function of time as 
shown in Figure 10.13. The discussion is restricted to solidification behavior of HD 
splats. Figures 10.13a-c show the simulated view of HD-A-SD, HD-A4C-SD and HD-
A8C-SD splats at different intervals of time respectively. Solidification behavior can be  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.13: Simulated view at different interval of time for (a) HD-A-SD splat (b) HD-
A4C-SD splat (c) HD-A8C-SD splat 
 
explained with the help of volume percentage of solid at similar interval of time.  Figure 
10.14 shows the volume percentage of solid in HD-A-SD, HD-A4C-SD, and HD-A8C-
(a) (b) (c) 
 219
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0
10
20
30
40
50
60
70
Vo
lu
m
e 
of
 S
ol
id
 (%
)
Time (s)
 HD-A-SD
 HD-A4C-SD
 HD-A8C-SD
SD at different intervals.  After 0.24 µs of the impact, the volume percentage of solid in 
HD-A-SD splat was 26% while it is 14% and 8% in HD-A4C-SD and HD-A8C-SD 
respectively. This indicates the delayed solidification process in CNT reinforced splat 
which is attributed to higher heat content of the melt due to CNT addition (as explained  
 
Figure 10.14:  Volume percentage of solid as function of time for HD-A-SD, HD-A4C-
SD and HD-A8C-SD splat 
 
in section 10.3). After 0.45 µs of the impact, the volume percentage of solid in HD-A-SD 
splat was 48% while its 25% and 15% in HD-A4C-SD and HD-A8C-SD respectively. 
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Higher volume percentage of solid in HD-ASD splat after 0.45 µs of the impact resulted 
in higher splashing which can be seen in simulated view of HD-A-SD splat at 0.45 µs 
(Figure 10.13a). This has already been explained that rapid solidification of the melt 
leads to higher splashing due to spreading instability. Relatively lower splashing has been 
seen in case of HD-A4C-SD and HD-A8C-SD splat, as can be seen in the simulated view 
of HD-AC-SD (Figure 10.13b) and HD-A8C-SD (Figure 10.13c) at 0.45 µs. After 0.75 
µs of the impact, the volume percentage of solid in HD-A-SD splat was 66%, while its 
58% and 53% in HD-A4C-SD and HD-A8C-SD splat which become constant. Hence, 
there are no changes observed in simulated view of HD-A-SD, HD-AC-SD and HD-
A8C-SD splat at later stages (i.e. at 0.9 µs and 1.5 µs). Time interval for splat formation 
was increased to from 1.5 to 5 µs in order to find the onset of complete solidification. 
Between 1.5 and 5 µs, small increment in volume fraction of solid was observed (ΔV=+ 
2% for HD-A-SD splat, ΔV=+ 1.2% for HD-A4C-SD splat and ΔV=+ 0.91% for HD-
A8C-SD splat) for all splats. These results indicate that complete solidification may be 
occurring in milliseconds, which is beyond the computing power. This is in accordance 
with the solidification of the molten droplet in actual plasma spraying. Typically, molten 
droplet solidify at a cooling rate of ~106  K/s in plasma spraying process [65, 66], which 
indicates that droplet solidification time is ~ 0.5 milliseconds considering in flight 
particle temperature ~2750 K. 
 
Solidification behavior can also be understood from the solidification curves of 
HD-A-SD, HD-A4C-SD and HD-A8C-SD splats. Figure 10.15 shows the substrate 
temperature with time for HD-A-SD, HD-A4C-SD and HD-A8C-SD splats. Three 
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III
different stages in the solidification curve in Figure 10.15 are discussed here. 
Corresponding view of the simulated splat at a particular time is also superimposed to  
 
Figure 10.15: Substrate temperature as a function of time for HD-A-SD, HD-A4C-SD 
and HD-A8C-SD splat  
 
better understand the solidification process. Stage I in Figure 10.16 shows a significant 
increase in the substrate temperature at 0.1 µs for HD-A-SD, HD-A4C-SD and HD-A8C- 
SD splats. This is attributed to the heat transfer from the molten droplet to substrate just 
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after its impact.  Higher increase (ΔT= + 650°C) in the substrate temperature was seen for 
CNT reinforced splats which is attributed to higher heat content of CNT containing 
molten Al2O3 melt resulting in higher heat transfer to the substrate.  During stage II, 
substrate temperature increases for HD-A-SD splats whereas substrate temperature 
remains constant for HD-A4C-SD and HD-A8C-SD splats. Increasing substrate 
temperature in case of HD-A-SD splat is due to higher rate of solidification (Figure 
10.15) resulting in higher amount of heat energy release. Released latent heat of 
solidification will be absorbed by the substrate and substrate temperature will increase.  
However, CNT reinforced melt has higher heat content and remains molten for a long 
time. Hence no change in substrate temperature was observed during Stage II. In Stage 
III, substrate temperature decreased for all HD splats. However, lower rate of change 
(dT/dt) of temperature was observed for HD-A-SD as compared to HD-A4C-SD and HD-
A8C-SD splat. This is attributed to additional radiation loss from CNTs because of their  
high emissivity (0.98) as compared to Al2O3 particle (emissivity 0.4) [4, 29].  
 
It is concluded that splat simulation is an effective tool for simulating the plasma 
sprayed single splat morphology. This can contribute significantly towards optimization 
of splat morphology and can cut down the large number of experiments which involves 
lots of time and money. Next section discusses the correlation of splat with coating 
properties.  
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10.5 Correlation of Splat with Coating Properties 
 
Splat morphology largely depends on the powder feedstock properties, substrate 
roughness and temperature and plasma processing parameters. Hence, varying plasma 
process parameters can leads to different kinds of splat morphologies which can affect 
the coating’s property. This can be understood with the help of schematic shown in 
Figure 10.16. Variation in temperature and velocity of in-flight particles with varying 
plasma parameters results in different splat morphologies.  Three different types of splats 
viz disc shape, fingered shape, and fragmented are shown in the schematic. Higher 
temperature and velocity of in-flight particles leads to disc shaped splats while lower 
temperature and velocity results to fingered and fragmented splats. Stacking of 
contiguous disc shaped splats can improve the bonding between splats and can minimize 
the porosity in the coating. The reverse is true for fingered and fragmented splat due to 
poor stacking. Hence, it can be concluded that adjusting the plasma parameters leads to 
different splats morphology which leads to different amount of porosity content in the 
coating.  
 
Mechanical properties (hardness, elastic modulus, fracture toughness, wear 
resistance) of coatings can be significantly affected by the porosity as shown in Figure 
10.16. Equation 10.1 shows the negative exponential dependence of hardness on porosity 
[137]. 
                                                          )exp(0 apHH                                                (10.1) 
H is the hardness of porous material, H0 is the hardness for dense material, p is the 
apparent porosity in the material and a is the material constant. 
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Figure 10.16: Schematic showing correlation between plasma parameters, splats morphology and mechanical properties of 
coating 
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It is recalled from Equation 1.1 and 7.10 which shows that elastic modulus and fracture 
toughness exponentially decrease with the porosity content. From the Evans and Marshall 
equation (Equation 8.2), it is obvious that, decrease in hardness, elastic modulus, and 
fracture toughness leads to lower wear resistance of coating. Hence it is concluded that 
porosity has an adverse effect on coating’s mechanical properties which can be 
eliminated by optimizing the splat geometry. Optimized splats geometry can be achieved 
by optimizing plasma process parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 226
11. CONCLUSIONS 
 
 
The overall objective of this dissertation has been achieved by developing process 
maps to synthesize high density CNT reinforced Al2O3 coatings by plasma spraying for  
improved mechanical and wear properties  Process maps established correlations between 
plasma parameters, porosity, hardness, elastic modulus, fracture toughness, wear 
resistance and CNT content.  A detailed list of conclusions regarding CNT dispersion in 
powder, process map development for coatings, and mechanical and tribological 
properties are summarized herewith. 
 
CNT Dispersion in the Powder Feedstock 
 
1. Spray drying and CVD techniques have proven to be effective in uniformly 
dispersing CNTs in Al2O3 matrix. The degree of CNT dispersion via CVD technique 
was more superior to spray drying. But CVD technique has limitation of large scale 
synthesis of composite powder. Spray drying technique can successfully synthesize 
Al2O3-CNT composite powder at large scale (e.g. several kilograms). 
 
Process Map Development for Coatings 
2. Process maps have been developed using spray dried Al2O3 powder with 0, 4 and 8 
wt. % CNTs (A-SD, A4C-SD, A8C-SD). Correlations between plasma processing 
parameters to the particle’s thermal and kinetic state and coating’s porosity have also 
been established.  
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3. An empirical model using Pareto diagram was developed to link plasma processing 
parameters with the porosity of coating. Stand-off distance was found to be the most 
critical parameter for A-SD and A4C-SD coatings. In case of A8C-SD powder, 
plasma power was the most significant factor which affects the porosity, since stand-
off distance was kept constant.  
 
4. Significant effect of CNTs was observed on the thermal and kinetic history of in-
flight particle. Lower temperature and velocity of in-flight A4C-SD (ΔT = -322 K, Δv 
= −19 m/s) and A8C-SD (ΔT = -348 K, Δv = −24 m/s) particles was observed as 
compared to A-SD particles. Lower temperature in CNT reinforced powder was due 
to higher radiation loss of CNT (emissivity: 0.98) as compared to A-SD (emissivity: 
0.4). Lower velocity was attributed to the hollow tubular structure of CNTs that has 
larger drag resistance.   
 
Mechanical Properties 
5. Addition of 8 wt. % CNT increases the hardness of high density Al2O3 coating (HD-
A-SD) from 1498 VHN to 1670 VHN. Same amount of CNT reinforcement improves 
the hardness of low density Al2O3 coating (LD-A-SD) from 1198 VHN to 1456 VHN. 
In case of ICP-1 coating, relative improvement of ~15% was observed in hardness. 
Improvement in the hardness of CNT reinforced coating was attributed to enhanced 
indentation resistance by CNT reinforcement to Al2O3 matrix. 
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6. Elastic modulus of HD-A-SD, HD-A4C-SD, and HD-A8C-SD coatings improved by 
32%, 17%, and 26% respectively as compared to corresponding composition of LD 
coatings. Elastic modulus of HD-A8C-SD coating was 227±76 GPa which is ~34% 
improvement over HD-A-SD coating. Improvement in the elastic modulus of CNT 
reinforced coatings is attributed to combined effect of (i) higher modulus of CNT (ii) 
uniform CNT dispersion in the Al2O3 matrix, and (iii) improved coating density. In 
case of ICP-1 coating, an increase in ~27% in elastic modulus value was observed by 
mere 1.5 wt. % of CNT addition. This was attributed to superior degree of CNT 
dispersion in ICP-1 coating and strong bonding between Al2O3/CNT compared to 
spray dried coating.  
 
7. Fracture toughness of HD-A-SD, HD-A4C-SD, and HD-A8C-SD coatings improved 
by 38%, 36%, and 73% respectively as compared to corresponding composition of 
LD coating. Highest improvement (~73%) in HD-A8C-SD coating is attributed to the 
combined effect of lowest porosity (~3%) and highest CNT content in the coating. 
Significant improvement in fracture toughness was attributed to uniform dispersion of 
CNTs in the Al2O3 matrix which promotes the toughening mechanism such as CNT 
bridging and crack deflection. Similar toughening mechanisms were observed in ICP-
1 coating which caused 24% of relative improvement by mere 1.5 wt% of CNTs. 
 
Room Temperature Tribological Properties 
8. There was ~71% and ~80% relative improvement in the room temperature ball-on-
disk sliding wear resistance of HD-A4C-SD and HD-A8C-SD coatings at 30 N load 
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respectively Similarly, relative improvement of ~28% and ~47% was observed in the 
room temperature wear resistance of LD-A4C-SD and LD-A8C-SD coatings at 30 N 
load respectively. Improvement of ~12% and 24% in room temperature wear 
resistance was observed for ICP-1 coating at 30 N and 50 N load respectively. Higher 
wear resistance of CNT reinforced coatings is attributed to: (i) higher hardness and 
fracture toughness (ii) CNT bridging between the splats in wear track and (iii) 
protective tribochemical film formation. Wear surface of SD coatings showed 
protective film (composed of SiO2) on the wear surface when sliding against Si3N4 
ball at room temperature.  However, no protective film formation was observed on 
the wear surface of ICP-1 coating when sliding against WC ball at room temperature. 
Protective film on the wear surface as a result of tribochemical reaction reduced the 
wear of coating surface against sliding. 
 
9. Coefficient of friction (COF) for HD-A-SD was ~0.71 which marginally reduced to 
~0.67 and ~0.65 for HD-A4C-SD and HD-A8C-SD coatings respectively. Average 
COF for LD coatings (~0.73 for LD-A-SD, ~0.68 for LD-A4C-SD and ~0.69 for LD-
A8C-SD) was found similar to COF for HD coatings. CNT reinforced coatings have 
slightly lower COF in both HD and LD coatings which is attributed to lubricating 
effect of CNTs due to graphitization. Similar lubricating effect was observed in ICP-1 
coating at 30 N load which resulted in lower average COF (0.63) than Al2O3 (0.67). 
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High Temperature Tribological Properties 
10.  High temperatures wear of SD and ICP-1 coatings are pretty complex phenomena in 
terms of tribochemical film formation which has significant effect on the wear. Wear 
surface of SD coatings showed very less amount of protective film (composed of 
SiO2) at higher temperature when sliding against Si3N4 ball. However, wear surface 
of ICP-1 coating showed higher amount of protective film (composed of WO3) 
formation at higher temperature when sliding against WC ball.  Among SD coatings, 
higher wear was observed with the increasing temperature. This was attributed to less 
amount of protective film (SiO2) formation and lower hardness at higher temperature. 
With the increasing CNT content, improvement in the wear resistance was observed 
for SD coatings at higher temperature which was attributed to higher fracture 
toughness of CNT reinforced coating. ICP-1 coating showed improved wear 
resistance at higher temperature which was mainly due to higher amount of WO3 
protective film formation.  
 
11. COF was higher (0.80-0.90) for all SD coatings at higher temperature as compared to 
room temperature coefficient of friction (0.65-0.73).  
 
Processing-Splat –Property Correlation 
12. The effect of plasma process variables on the splat morphology and porosity in the 
coating was established. Varying temperature and velocity of in-flight particles with 
plasma parameters result in different splat morphologies which generates different 
level of porosity in the coating. Higher in-flight temperature and velocity of the 
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particles resulted in contiguous disc shaped splat which can enhance the bonding 
between the splats and can reduce the porosity in the coating resulting enhanced 
mechanical properties of coating. CNT addition resulted in the increased splat 
diameter due to enhanced temperature of the melt.  Splat simulation was carried out 
which matched well with experimentally obtained splats.   
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12. RECOMMENDATIONS FOR FUTURE WORK 
 
 
In this current research, comprehensive process maps have been successfully 
developed to obtain high density plasma sprayed Al2O3-CNT coating with improved 
fracture and wear resistance. In addition, this work has also posed new research questions 
which need to be explored by future researchers. Some of the recommendations for 
further studies are listed below.  
 
 
 
12.1 Process Map Development for CVD Al2O3-CNT Powder 
 
In the current work, plasma parameters have been optimized using spray dried 
powder and most significant parameters affecting the porosity have been ranked in order 
of their criticality. A similar approach is recommended for developing process maps for 
CVD Al2O3-CNT powder to establish their reproducibility and correlation with 
mechanical and tribological properties. Such study is restricted by the lack of availability 
of CVD Al2O3-CNT powder in large amount.  
 
 
12.2 Plasma Densification of Spray Dried Al2O3-CNT Powder 
 
Though spray drying is an effective technique to uniformly disperse the CNT in 
the Al2O3 powder, spray dried agglomerates contains 30-40% of the porosity which can 
largely affect the coating’s microstructure and properties. Plasma densification of the 
spray dried agglomerates can result in high density composite powder feedstock.  Denser 
feedstock could further improve the density of coatings, which is the main objective of 
this study.  
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12.3 Adhesion and Bending Strength of Plasma Sprayed Coating 
 
The failure of the plasma sprayed coating usually occurs at the coating/substrate 
interface or within coating. Hence the adhesion strength depends on the bonding between 
the first splat with the underlying substrate and inter-splat bonding.  Adhesion strength of 
plasma sprayed coatings is usually measured by pull test (ASTM D4541-09), which is 
limited by the strength of the glue. It is recommended that novel techniques need to be 
developed for measuring adhesion strength. This includes multi-level tests as coating 
contains hierarchial microstructure. Nano or micro scratch technique should be adopted 
to evaluate the bonding between single splat and underlying substrate. The strength of the 
entire coating shall be estimated using four point bend test. During bending, crack is 
expected to propagate through entire coating thickness (inter-splat region) and along 
coating/substrate interface.   
 
 
12.4 Fatigue Behavior of Plasma Sprayed Al2O3-CNT Coating  
 
One of the major applications for plasma sprayed Al2O3-CNT is as wear resistant 
coatings on large propeller shafts in the marine industry.  The rotation of shaft would lead 
to cyclic stresses in the coating. Hence it is recommended that fatigue behavior of  
plasma sprayed Al2O3-CNT shall be studied.  CNT reinforced ceramic composites have 
never been evaluated for their fatigue properties. Such study would understand the role of 
CNT in preventing the crack propagation under cyclic loading. 
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Comprehensive Process Maps to Synthesize High Density Plasma 
Sprayed Aluminum Oxide Composite Coatings with Varying Carbon 
Nanotube Content 
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Abstract 
Comprehensive process maps have been developed to synthesize “high density” plasma 
sprayed Aluminum oxide (Al2O3) composite coatings with 0, 4 and 8 wt. % carbon 
nanotube (CNT) reinforcement. These process maps correlate the key processing 
parameters such as plasma power, powder feed rate, primary gas flow rate, and stand-off 
distance to the temperature and velocity of the in-flight particles and finally to the density 
and microhardness of coatings.  Relative importance of each significant process 
parameters was also investigated by making “Pareto diagrams”. Stand-off distance 
followed by the plasma power were found to be most sensitive parameters which affects 
the density of the plasma sprayed Al2O3-CNT composite coatings. Process maps showed 
that CNTs has significant effect on altering the temperature and velocity of in-flight 
particles.  Higher thermal conductivity of CNTs alters the heat transfer phenomena 
during the coating build up which assists in densification. 
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